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Abstract
Cellulose nanofibrils (CNF) are cellulose nanomaterials with desirable properties and
offer great potentials to be applied in diverse fields. While various pre-treatments have
been studied with the aim of reducing the intensity of mechanical fibrillation process
used during production, the overall energy demand of some of these processes remain
high. This study investigated the use of aqueous morpholine pre-treatment for CNF
production and the effect of the resulting CNF on the properties of alginate-based
hydrogels.
The study was carried out in three stages. The first stage of the project studied the
swelling of cellulose in two intercrystalline swelling agents, piperidine and morpholine,
at various aqueous concentrations. This was followed by the production of CNF using
aqueous morpholine swelling of cellulose as a pre-treatment step. The surface chem-
istry, crystallinity, thermal properties, rheological properties, morphological properties
and aspect ratio of the resulting morpholine pre-treated CNF (MCNF) were compared
with the properties of carboxymethylated CNF (CMCNF) and TEMPO-mediated oxid-
ised CNF (TCNF). The effects of MCNF and CMCNF on the swelling, elastic modulus,
compressive modulus and morphology of alginate-based hydrogels at various loadings
of CNFs were studied during the second stage of the project. Finally, a proof of concept
study on the use of the alginate-MCNF biocomposite for the adsorption of methylene
blue dye from aqueous solutions was carried out.
Higher swelling was observed for morpholine in comparison to piperidine, hence
its use in CNF production. The surface chemistry measurements revealed that MCNF
iv
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remained unmodified at the end of the pre-treatment process. This led to a maintained
crystallinity index and thermal stability relative to the starting material. Unlike the
carboxymethylated and TEMPO-mediated oxidised CNFs which had reduced crystallin-
ity indices and thermal stabilities, because of the modification of the surfaces with
anionic groups. The lack of ionic groups on MCNF led to a lower storage modulus in
comparison to the other two CNFs.
Furthermore, the addition of MCNF and CMCNF to alginate-based hydrogels at 5
wt. %, relative to the dry mass of the alginate, led to a respective 36% and 17% increase
in compressive modulus of the alginate-based hydrogels. Further increases in the
amount of MCNF and CMCNF did not impact positively on the material properties of
the alginate. This was attributed to the aggregation of fibrils, which led to the formation
of imperfect networks within the ionically crosslinked hydrogels.
Proof of concept study on the adsorption of methylene blue dye from aqueous
solution shows that the alginate-MCNF biocomposite can adsorb up to 1957 mg of
methylene blue per gram of adsorbent in three hours. Thereby, indicating the potential
of the biocomposite in wastewater treatment when fully optimised.
v
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[ Chapter One \
Introduction
1.1 Research overview
For centuries cellulose has been used in paper and textile making. In modern times, interest
in this ubiquitous biopolymer has only increased through an extensive array of applications,
employing both original and modified states of the material (Klemm et al., 1998b). As nano-
materials research and innovation progresses at pace, so does cellulose in its nanosized form.
Nanocellulose is extensively studied in academia and industry for use in various applications
(Foster et al., 2018; Klemm et al., 2018), and it retains the innate biodegradable and biocompat-
ible1 properties of the parent cellulose. In its nano form however, cellulose possesses greater
strength and greater structuring ability, and can also be made to possess optical and electrical
conductivity properties (Dufresne, 2013; Salas et al., 2014; Kargarzadeh et al., 2018) .
With regards to the method of preparation, three main types of nanocellulose may be iden-
tified. Bacterial nanocellulose (BNC), which are prepared from cultures of Gluconacetobacter
xylinus. Rod like cellulose nanocrystals (CNC), which are majorly prepared through strong acid
hydrolysis and highly interconnected cellulose nanofibrils (CNF), prepared mainly via mechan-
ical fibrillation of cellulose fibres. Although BNC is the purest type of all the CNF materials, the
low yield associated with BNC production has limited its wide use (Gama and Dourado, 2018).
Notwithstanding, it is widely researched for biomedical applications (Lin and Dufresne, 2014;
Klemm et al., 2018). CNC production processes result in a better yield compared to BNC and
CNC has been extensively studied for its potential in optical displays and composite formulation
1Provided the nanocellulose surface does not adversely interact with the biological host (Stone et al.,
2010)
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(Habibi et al., 2010). However, CNC has low aspect ratio and structuring properties.
In composite formulation and for structuring purposes, CNF is preferred because of its
higher aspect ratio and stress transfer ability, making it a good reinforcement material (Sacui
et al., 2014). However, the energy requirement for the mechanical fibrillation of aqueous
suspension of cellulose to produce CNF is one of the challenges facing the use of CNF materials.
Although several surface modification approaches have been used to minimise the energy
demand, these processes often require large amount of chemicals (Abdul Khalil et al., 2014;
Missoum et al., 2013). In most cases, the chemicals are neither reusable nor recyclable, in
addition to the high cost of the chemical reagents themselves. More so, the surface modification
processes alter the surface of the cellulose material by attaching ionic groups. These ionic
groups indeed facilitate the mechanical fibrillation process but compromise the thermal stability
and crystallinity index of the resulting CNF materials. An alternative approach to mitigating
these challenges would be a process that provides ease of mechanical fibrillation without
compromising the thermal, crystalline and other desired properties.
The morpholine swelling process involves the swelling of cellulose in aqueous morpholine as
a pre-treatment step prior to high pressure homogenisation to produce CNF materials (Graveson
and English, 2016). The swelling process was observed not to result in the derivatisation/surface
modification of cellulose. However, the properties of the resulting CNF in comparison to other
chemically pre-treated CNF such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidised
CNF and carboxymethylated CNFs were not known. In addition, the effects of different loadings
of the morpholine pre-treated CNF materials on a model polymer matrix were not known.
1.2 Aims and objectives
The main aim of this research project is to fully characterise the properties of morpholine pre-
treated CNF (MCNF) and to study its effect on the properties of alginate hydrogels as a model
polymer matrix. To achieve this aim, an initial swelling of cellulose in varying concentrations
of morpholine and piperidine were carried out to investigate the optimal concentration for
effective swelling. This was followed by the production of CNF by morpholine pre-treatment
and mechanical fibrillation. The properties of the resulting CNF were compared with those of
carboxymethylated CNF (CMCNF) and TEMPO-mediated oxidised CNF (TCNF) prepared using
the same mechanical processing conditions. These two chemical pre-treatments were chosen
2
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not just because of their popularity in the literature but also to allow for comparison between
surface modified and unmodified CNF.
Following the extensive characterisation of the properties of the CNF materials, MCNF and
CMCNF were chosen to study the effects of surface modification and percentage loading on the
swelling, thermal, mechanical, and morphological properties of alginate hydrogels. CMCNF
was chosen as a representative of the modified CNF group. Alginate hydrogel was chosen as a
model polymer matrix because of its diverse applications, which ranges from biomedicine (K. Y.
Lee, 2012; Leppiniemi et al., 2017; Nunamaker et al., 2011) to environment (Li2013b; Wang et al.,
2013; Mohammed et al., 2015). However, alginate hydrogels require good mechanical property.
It is expected that the incorporation of the CNF materials would improve the mechanical
properties of the alginate hydrogels.
A proof of concept study was subsequently carried out to investigate the potential use of
the resulting alginate-CNF composite hydrogel for the recovery of methylene blue dye from
aqueous solutions.
1.3 Contributions to knowledge
This research study has established that the morpholine pre-treatment process does not modify
the surface properties of cellulose. The process results in a CNF material that has not lost its
thermal properties, mechanical properties and possess similar widths with the surface modified
CNFs. The outcome of the study has been summarised in a research journal article (Onyianta
et al., 2018a).
The estimation of aspect ratios by sedimentation, previously carried out for unmodified CNF
was extended for surface charged CNF in this research study. Stable CNF aqueous suspensions
were made to sediment by dispersing the suspension in sodium chloride aqueous solutions
(Onyianta and Williams, 2018). This method has been recently adopted by Im et al., 2018b to
estimate the aspect ratio of carboxymethylated CNF.
Finally, the comparative study on the effects of the morpholine pre-treated CNF and the
carboxymethylated CNF has shown how the presence or absence of surface charge affects the
properties of alginate hydrogels. This study also identified that positive effects are seen at
low loadings of both CNF materials. Therefore, small amounts of CNF materials are needed
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to improve the properties of alginate hydrogels. The results from this study has also been
summarised in a research journal article (Onyianta et al., 2018b).
1.4 Structure of thesis
Chapter 1 briefly introduces the types nanocellulose and the challenges associated with each
type, with particular focus on cellulose nanofibrils, which form the main focus of this research.
The aims and objectives of the research are presented alongside the contributions to knowledge.
This was followed by a short description of the content of each chapter.
In Chapter 2, the background on biological synthesi s of cellulose in wood/plant biomass
is presented, and the various sources of cellulose and extraction methods are provided. The
elemental composition, bonding of cellulose, chemical structure and polymorphism in cellulose
are also discussed in this chapter. The mechanisms of cellulose swelling and dissolution in
different chemical agents are discussed. Finally, cellulose solutions, cellulose derivative and
some of their applications are presented.
Chapter 3 provides a literature background on nanocellulose, with an initial introduction
to nanomaterials in general. The three types of nanocellulose and their methods of prepara-
tion are presented before focusing specifically on cellulose nanofibrils. The impact of various
pre-treatment processes on CNF properties and the major techniques in CNF property charac-
terisation are reviewed. Finally, the effects of nanocellulose in composite materials are reviewed
in this chapter.
The theories, principles of operation and specifications of instruments used for CNF prop-
erty characterisation are presented in Chapter 4. The procedures for sample preparation prior
to characterisation are however presented in the chapter where the instrument is used.
Chapter 5 first presents the work carried out to study the swelling of microcrystalline cel-
lulose and knife milled cellulose pulp in morpholine and piperidine. This was followed by
CNF production using morpholine swelling agent, carboxymethylation and TEMPO-mediated
oxidation pre-treatments prior to mechanical processing. The characterisation methods used to
study the effects of the pre-treatment processes on the properties of resulting CNFs are then
presented before finally discussing the results.
Chapter 6 deals with the development of the model alginate hydrogel matrix. Therein, the
homogeneity of the alginate hydrogels at varying temperatures and duration of crosslinking are
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studied. The effects of temperature, duration of crosslinking, concentration of calcium chloride
crosslinker and loading of alginate on the equilibrium swelling and compressive modulus are
also presented.
In Chapter 7, the effects of the surface properties and percentage loadings of the morpholine
pre-treated CNF and carboxymethylated CNF on the thermal stability, equilibrium swelling, vis-
coelastic properties, compressive modulus and morphological properties of alginate hydrogels
are presented.
Chapter 8 presents the proof of concept study on the potential use of the alginate CNF
composite hydrogels for the recovery of methylene blue dye from aqueous solution. Conclusions
from the entire thesis are finally drawn in Chapter 9 and recommendations for future studies
are given.
5
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Background on Cellulose
2.1 Cellulose biosynthesis
This chapter concerns the biosynthesis of cellulose in plants and wood biomass. The various
sources of cellulose and their cellulosic contents are discussed prior to consideration of the
different pulping methods that are used to extract cellulose from their sources. The elemental
composition of cellulose and its chemical structure are presented alongside the different crys-
tallographic structures that can be adopted by cellulose. Finally, the swelling, dissolution and
functionalisation of cellulose are discussed.
The cell walls in higher plants are largely composed of about 40% - 60% cellulose (Duchesne
and Larson, 1989), bound by hemicellulose and pectin in the primary wall and by lignin in the
secondary wall (Duchesne and Larson, 1989; Sorensen et al., 2010). The secondary cell wall is
characterised by three layers (S1-S3), having a greater amount of cellulose in comparison to the
amount of cellulose in the primary cell wall, as shown in Figure 2.1.
The mechanisms by which cellulose is synthesised within different cell walls have been
extensively represented in the literature (Brown Jr and Montezinos, 1976; Mueller and Malcolm
Brown, 1980; Delmer, 1999; Nobles et al., 2001; Saxena and Brown, 2005). There is a general
agreement that the process of cellulose biosynthesis is immensely complex. The widely accepted
mechanism, which has been discerned from the electron micrographs of freeze-fractured
samples of green algae (Brown Jr and Montezinos, 1976) and corn (Mueller and Malcolm Brown,
1980), involve the cellulose synthase enzyme complex (Brown Jr and Montezinos, 1976; Delmer,
1999; Nobles et al., 2001; Saxena and Brown, 2005).
The cellulose synthase enzyme binds to uridine diphosphate (UDP)-D-glucose or guanosine
6
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Figure 2.1: Cell wall layers of a typical matured plant. Adapted from (Duchesne and Larson,
1989)
diphosphate D-glucose to form a complex at the plasma membrane, from which the anhydro-
glucopyranose repeat unit of cellulose is synthesised, forming microfibrils of cellulose, as shown
in Figure 2.2 (O’Sullivan, 1997; Delmer, 1999; Saxena and Brown, 2005). The genes responsible
for cellulose synthase enzyme have also been observed in bacterial cellulose. These existed for
billions of years before the evolution of plants (Duchesne and Larson, 1989; Saxena and Brown,
2005). The cellulose synthase complexes are generally referred to as terminal complexes (TCs)
and are observed in higher plants (corn) as a rosette but are linear in green algae.
Figure 2.2: Cellulose biosynthetic process in higher plants (Wightman and Turner, 2010)
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2.2 Sources of cellulose
Cellulose functions as a reinforcing material within the cell wall, giving optimal support and
strength to plants (Saxena and Brown, 2005). Cellulose has been regarded as the most abundant
polymeric material on earth because it is present in all plant cells. Apart from plants and woods,
other sources of cellulose include the marine animal tunicate, some species of algae and some
species of bacteria, (Siró and Plackett, 2010). Representative images of cellulose sources are
shown in Figure 2.3. Some of the various sources from which greater amounts of cellulose have
been extracted are mentioned in the following subsection and summarised in Table 2.1.
Cellulose
Tunicate
Cotton
Wood Algae
Figure 2.3: Images of some representative cellulose sources
2.2.1 Plant-based cellulose sources
The amount of cellulose extracted from a plant material depends on the type/part of the plant
from which the cellulose is extracted, whether stem, bast, straw, seed or leaf. For example, up to
98 % cellulose has been extracted from the lint of cotton bolls (de Morais Teixeira et al., 2010),
while 77 % cellulose has been extracted from the linters of the cotton bolls (Morais et al., 2013).
Cotton lints are long cellulosic fibres, while cotton linters are the shorter fibres that remain
attached to the seed after extracting the cotton lints. Other plant based cellulose sources are
shown in Table 2.1, with their cellulose, hemicellulose and lignin contents. Hemicellulose is a
copolymer of saccharide units, such as galactomannan, glucomannan, mannans, xylan, and
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xyloglucan (Chen, 2014). Lignin on the other hand is a randomly and heterogeneously linked
organic polymer of phenylpropane units (mainly guaiacyl units and syringyl units) (Chen, 2014).
The lignin content in plant biomass are usually less than those from woody materials as can be
seen in Table 2.1. Other materials found in smaller amounts in some of the cellulose sources are
pectin, ash, and water.
Table 2.1: Cellulose, hemicellulose and lignin contents of different sources of cellulose
Sources Cellulose (%) Hemicellulose (%) Lignin (%) References
Corn stover 33 21 19
(Thygesen et al., 2005)Norway spruce (softwood) 49 20 29
Hemp 63 10 6
Hemp 76 11 7 (Wang et al., 2007)
Eucalyptus (hardwood) 44-48 - 13-21 (Klash et al., 2010)
Cotton linters 77 5 0.7 (Morais et al., 2013)
Cotton fibres 98 0.5 0.4
(de Morais Teixeira et al.,
2010)
Jute 68 15 11
(Abraham et al., 2011)
Banana fibre 70 20 8
Sisal 66 12 10
(Bledzki and Gassan, 1999)
Ramie 69 13 0.6
Flax bast 73 13 5 (Bhatnagar and Sain, 2005)
Kenaf bast 64 18 13 (Jonoobi et al., 2009)
Wheat straw 43 34 22
(Alemdar and Sain, 2008)
Soy hulls 56 13 18
Algae 20-45 - - (Mihranyan, 2011)
Bacteria (Gluconacetobacter
xylinus)
35-40 - - (Klemm et al., 2001)
Tunicate Up to 60 - -
(Zhao and Li, 2014; Zhao
et al., 2015)
2.2.2 Wood-based cellulose sources
Apart from strengthening the various parts of a tree, the tubular structural orientation of plant
cell wall serves to transport nutrients from the root to the trunk and the crown. Cellulose is
bound within the cell wall of the inner bark of a tree by lignin, hemicellulose, extractives and
ash (Biermann, 1996). Referring to the plant cell wall shown in Figure 2.1, greater amounts of
cellulose fibres are synthesised within the secondary cell layer than in the primary cell layer.
These cellulose fibres can be extracted from wood using several pulping methods. The amount
of cellulose extracted from wood depends on the type of wood and on the region in which the
wood was grown. Generally, the cellulose content from a dried mass of wood ranges between
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40% and 50% (Petterson, 1984)
Softwoods and hardwood are the two major classifications of wood, based on their species.
Softwoods are of the gymnosperm species. These keep their leaves during winter. Hardwoods
belonging to angiosperm species are deciduous (sheds off leaves) in the temperate regions
but evergreen in the tropics (Biermann, 1996). Consequently, cellulose pulps from either of
these two wood types have also taken the classifications as softwood pulps and hardwood pulps.
Softwoods and hardwoods also differ in their hemicellulose content and lignin content (Novaes
et al., 2010; Chen, 2014). For example, softwood predominantly contain mannan hemicellulose
while in hardwoods, xylan is the major hemicellulose. The hemicellulose content of softwoods
is however greater than that of hardwoods. In addition, softwoods contain lignin having the
guaiacyl units while a combination of guaiacyl units and syringyl units occur in hardwoods
(Novaes et al., 2010). Examples of softwoods include spruce, larch, pine, hemlock and fir while
those of hardwoods include aspen, eucalyptus, oak and birch (Biermann, 1996).
2.2.3 Other cellulose sources
Tunicates are marine animals that can be either attached to rocks in the sea and ocean beds
or swim freely during their adult stage. Microscale cellulose fibrils known as tunicin can be
extracted from the two classes of tunicates (Ascidiacea and Thaliacea) of the Urochordata
subphylum and Chordata phylum (Zhao and Li, 2014). Approximately 60% of cellulose can be
isolated from tunicates (Hirose et al., 1999; Zhao and Li, 2014; Zhao et al., 2015). In addition,
about 20-45% of cellulose have been extracted from some species of algae, such as Cladophora,
Valonia, Boergesenia and microalgae Laminaria hyperborea (Mihranyan, 2011). More so, the
fermentation of carbohydrates yields a Gram-positive bacterium of the gene, Gluconacetobacter
xylinus. Under appropriate conditions, cellulose of nanoscale dimensions can be grown from
this microorganism. Up to 40% yield relative to the amount of starting material can be achieved,
depending on the carbohydrate source (Klemm et al., 2011).
2.3 Pulping and cellulose extraction
Pulps are fibrous materials that are produced from lignocellulosic biomass by various pulping
methods (Gibbons, 1989; Biermann, 1996) . The major composition of pulp is cellulose, although
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hemicellulose and lignin can be present. The amount of non-cellulosic components depends
on the method of extraction. These pulping methods include mechanical pulping, chemi-
mechanical pulping, semi-chemical pulping and chemical pulping. Prior to pulping, the raw
material (wood) is chipped after the bark has been removed. The wood chips are then screened
into uniform sizes and washed, before being stored for a limited time until they are fed into the
pulping mill (Gibbons, 1989; Biermann, 1996).
Mechanical pulping methods involve the use of mechanical tools to grind wood chips, res-
ulting in pulps with high lignin content and prone to discolouration over time (Biermann, 1996).
On the other hand, in a chemical pulping process, chemicals are used to dissolve the hemicellu-
lose and lignin, leaving behind the recalcitrant cellulose fibres (Gibbons, 1989; Biermann, 1996;
Bajpai, 2012; Kuenen et al., 2009). Two main methods are currently used for chemical pulping:
Kraft method and sulphite method (Sixta, 2006). The Kraft process, also known as the sulphate
process, involves the use of aqueous mixtures of sodium sulphide and sodium hydroxide to
digest/cook the wood chips. The sulphite process on the other hand involves the use of sul-
phur dioxide and a base solution of one of ammonium salts, magnesium salts, calcium salts or
sodium salts to digest the wood chips (Gibbons, 1989; Biermann, 1996; Bajpai, 2012; Kuenen
et al., 2009). The sodium hydroxide chemical pulping method, which was initially developed for
wood chips, is now primarily used in pulping of non-woody biomass (Biermann, 1996). Pulps
from chemical methods can then be bleached to remove residual lignin and increase optical
brightness (Biermann, 1996; Bajpai, 2012). The global pulp production as at 2015 (Table 2.2)
reveals that the dominant process for pulp production is the Kraft process.
Table 2.2: Global pulp production from wood as at 2015 (Food and Agricultural Organization
of the United Nations (FAO), 2016)
Pulping methods Pulp production (metric ton per year)
Mechanical 15979000
Thermomechanical 2372000
Semi-chemical 1447000
Unbleached sulphate (Kraft) 28642000
Bleached sulphate (Kraft) 63795000
Unbleached sulphite 136000
Bleached sulphite 985000
Other pulping methods that are not yet fully commercialised include the steam explosion
pulping method (SEP) (Kokta and Ahmed, 1998) and the biomechanical pulping method (Bajpai
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et al., 1999; Scott et al., 2002). The steam explosion method involves the impregnation of
wood chips with sodium carbonate, followed by steam heating under pressure before a sudden
release of the pressure (Kokta and Ahmed, 1998). Biomechanical pulping on the other hand
involves the use of lignin-degrading white-rot fungi rather than chemicals prior to mechanical
processing. However, it involves a long inoculation period (1 to 4 weeks). The need for a large
production of the fungal strain also limits the commercialisation of the process (Akhtar et al.,
1999). Nevertheless, life cycle assessments of mechanical processes, chemical processes and
biomechanical processes show that the biomechanical pulping method has a reduced impact
on the environment, human health and total electrical energy consumed compared to other
pulping methods (Das and Houtman, 2004).
2.4 Structure of cellulose
This section discusses the elemental composition and bonding in cellulose alongside the differ-
ent crystalline structures that can be adopted by cellulose.
2.4.1 Elemental composition and bonding in cellulose
Payen, in 1837 first identified cellulose as the product that was isolated from green plants
being composed of carbon, hydrogen and oxygen (Hon, 1994; O’Sullivan, 1997). Figure 2.4
shows the chair conformation structure of cellulose, which is a linear polysaccharide of D-
anhydroglucopyranose (C6H10O5) as the monomer, joined byβ(1→4) glycosidic bonds (O’Sullivan,
1997; Habibi et al., 2010).
Figure 2.4: Chemical structure of cellulose (Eyley and Thielemans, 2014)
The disaccharide cellobiose has been long regarded as the repeating unit of cellulose because
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it shows the β(1→4) linkage and a fibre repeat unit (fibre shape) of 10.3 Å, equivalent to the
bond length of cellobiose unit (Zugenmaier, 2008). However, French, 2017 recently stated that
β-D-anhydroglucopyranose and not cellobiose is the repeating unit of cellulose. He argued that
since cellulose is synthesised by adding glucose residues and since the β(1→4) linkage can be
represented in the glucose structure, there was no reason to regard cellobiose as the repeating
unit. According to French, 2017, there would be no agreement if the repeating units were to
depend on the fibre shape since there are other cellulosic crystal structures with greater fibre
repeat unit. Moreover, maltose, which is the disaccharide of amylose with two α-D-glucose
units, is not regarded as the repeating unit of amylose. α-D-glucose, is generally accepted to
be the repeating unit of amylose and so the terminology should not be different for cellulose
(French, 2017).
The degree of polymerisation (DP), represented by n, is the number of monomeric repeat
units in the cellulosic chain. The C-1 glucose end group of the cellulose chain has a reducing
property, while the C-4 end group has a non-reducing property (Klemm et al., 1998b). Each of
the β-D-anhydroglucopyranose units of cellulose possesses three hydroxyl groups at the C-2,
C-3 and C-6 positions, arranged in equatorial positions (Hon, 1994; O’Sullivan, 1997). These
hydroxyl groups serve as the reactive groups on the cellulose backbone. From a structural point
of view, the hydroxyl group on C-6 behaves as a primary alcohol. This is less sterically hindered
and more reactive than those on C-2 and C-3, which behave as secondary alcohols (O’Sullivan,
1997).
Cellulose is a semi-crystalline material (having both ordered and disordered regions),
formed through series of strong intramolecular and intermolecular interactions among the
β-D-anhydroglucopyranose units. These hydroxyl functional groups engage in intramolecular
hydrogen bonding interactions and in intermolecular hydrogen bonding interactions. Thereby,
conferring the cellulose chain with high strength properties and hydrophilic properties. The
hydrophobic forces that exist along the axial conformation of cellulose also contribute to the
strength of cellulose (Lindman et al., 2010).
2.4.2 Cellulose polymorphism
Polymorphism is the ability of a material to possess more than one crystalline structure. The
six variations of cellulose crystal structures are summarised in Figure 2.5 (Wada et al., 2006;
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O’Sullivan, 1997). Cellulose I, also known as native cellulose, is designated to cellulose that has
been extracted from various natural sources. In cellulose I, the chains are arranged in parallel
positions in the unit cell (Medronho and Lindman, 2015; Wada et al., 2006).
Two forms of cellulose I have been successfully identified; cellulose Iα, having one chain
arranged in a triclinic unit cell, and cellulose Iβ having two chains arranged in a monoclinic cell
unit (Medronho and Lindman, 2015; O’Sullivan, 1997; Hon, 1994). These two sub-polymorphs
of cellulose I can be found in combined proportions within their sources. While cellulose Iα is
mainly identified in higher proportions in algae and in bacteria, cellulose Iβ is predominant in
plants and wood. Valonia algae as an example has about 64 % cellulose Iα and 36 % cellulose Iβ
(Zugenmaier, 2008). Horii et al., 1987 treated both Valonia cellulose and cotton cellulose with
heated steam. They identified from 13C cross polarised-magic angle spinning nuclear magnetic
resonance (13C CP-MAS NMR), that this treatment converts the predominant cellulose Iα in
Valonia to cellulose Iβ. However, notable changes were not observed for cotton cellulose, which
is predominantly composed of Iβ, upon such treatment. Henceforth, it was concluded that
cellulose Iα is thermodynamically less stable than Iβ (Horii et al., 1987; O’Sullivan, 1997; Wada
et al., 2006; Zugenmaier, 2008).
The percentage proportions of cellulose Iα and cellulose Iβ in some cellulose samples,
determined from 13C CP-MAS NMR are summarised in Table 2.3 (Zugenmaier, 2008). Studies by
Hayashi et al. (2005) revealed that the cellulose Iα proportion in Cladophora algae is more easily
degraded by enzymes, leaving behind the cellulose Iβ portions. These crystalline cellulose Iβ
residues were termed “shortened microcrystalline cellulose” by the authors. However, these
cellulose residues are what is now generally referred to as cellulose nanocrystals (Habibi et al.,
2010).
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Figure 2.5: Polymorphic transitions in cellulose showing crystalline structural coordinates. Adapted from (Zugenmaier, 2008)
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Table 2.3: Percentage compositions of Cellulose Iα and Iβ in some cellulose samples. Adap-
ted from Zugenmaier, 2008
Cellulose Source Cellulose Iα (%) Cellulose Iβ (%)
Glaucocystis (Algae) 88 12
Oocystis (Algae) 83 17
Acetobacter (Bacteria) 80 20
Cladophora (Algae) 65 35
Valonia (Algae) 64 36
Flax 55 45
Hemp 50 50
Ramie 40 60
Cotton linters 36 64
Annealed Valonia 12 88
Halocynthia (Tunicate) 0-1 99-100
Cellulose II is a regenerated cellulose that can be obtained by dissolving native cellulose I in
a suitable solvent, followed by precipitation in a non-solvent (O’Sullivan, 1997). Another method
of conversion to cellulose II involves treating cellulose I in aqueous NaOH, in a process known
as mercerisation (O’Sullivan, 1997; Medronho and Lindman, 2015). The crystalline structures of
cellulose II and cellulose Iβ both have two cellulosic chains in their unit cells (Wada et al., 2006).
However, they vary significantly in their molecular chain arrangements and in the unique angle
of the unit cell. While cellulose II molecular chains are arranged in antiparallel position in the
P21 space group, with the unique angle γ= 117.80◦C, cellulose Iβ molecular chains are arranged
in a parallel position, having the unique angle γ= 96.5◦C.
Other cellulose crystalline forms include IIII and IIII I which are respectively produced when
cellulose I and cellulose II is treated with liquid ammonia, followed by the evaporation of the
same. Cellulose IVI and cellulose IVI I are formed when respective cellulose IIII and cellulose
IIII I are heated in glycerol at 260◦C (Gardiner and Sarko, 1985; O’Sullivan, 1997; Wada et al.,
2006; Zugenmaier, 2008).
2.5 Cellulose swelling
The swelling of cellulose is essential to the loosening of the effect of the intermolecular forces
on the cellulose chains, making the surface of cellulose more accessible for surface interaction
and mechanical processing. The ordered regions of cellulose chains (often referred to as the
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crystalline region) are tightly packed, having a low free volume. This allows the adsorption of
liquids with little or no penetration. On the other hand, the loosely packed disordered regions
(referred to as the amorphous region), having a greater free volume, would more easily allow
the adsorption and penetration of liquids (Klemm et al., 1998b). Therefore, chemical agents
that can adsorb and penetrate the disordered regions at the intercrystalline linkages are often
regarded as intercrystalline cellulose swelling agents. Those that can penetrate and disrupt
the intracrystalline bonds are referred to as intracrystalline cellulose swelling agents. These
chemical agents can be either organic or inorganic in origin (Betrabet and Rollins, 1970; Paul
and Teli, 2011).
2.5.1 Intercrystalline swelling agents
The penetration of intercrystalline swelling agents between and into the cellulose chains does
not often lead to a noticeable changes in the crystal lattice, density and tensile strength of cellu-
lose (Betrabet and Rollins, 1970; Paul and Teli, 2011). However, variable degrees of swelling have
been observed, which is identified by an increase in volume (Klemm et al., 1998b). Water is an
example of an intermolecular swelling agent for cellulose. Water can penetrate the interfibrillar
hydrogen bonds and into the less ordered regions of the fibrils (Klemm et al., 1998b).
Betrabet, Lokhande and co-workers studied the use of morpholine, piperidine and their
aqueous mixtures, for cellulose intercrystalline swelling (Betrabet et al., 1966; Betrabet and
Rollins, 1970; Lokhande et al., 1983; Paul and Teli, 2011). The underlying aim of these studies
was to make the hydroxyl groups accessible, especially for dyeing (Paul and Teli, 2011). The
change in cellulose structure upon treatment with these chemical agents was studied using X-ray
crystallography, electron microscopy and infrared spectroscopy (Betrabet and Rollins, 1970). A
synergism between these chemical agents and water towards cellulose swelling was observed
at certain aqueous molar concentrations (Mantanis et al., 1995). The optimal swelling for
morpholine as observed by Betrabet et al., 1966 and Lokhande, 1978 occurred with a morpholine
water molar ratio of 1:7, that is 40 %. The greater degree of swelling observed for morpholine
compared to piperidine was attributed to the presence of oxygen atom instead of the CH2
group that is present in piperidine, as illustrated in the chemical structures in Figure 2.6. The
presence of the oxygen atom in morpholine increases the polarity of morpholine relative to that
which is characteristic of piperidine (Betrabet and Rollins, 1970; Lokhande, 1978).
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Piperidine Morpholine
Figure 2.6: Structure of piperidine and morpholine showing the oxygen atom in morpholine,
which is lacking in piperidine
Similarly, the heterocyclic amine oxide N-methylmorpholine-N-oxide (NMMO), which
is a derivative of morpholine, can function as an intercrystalline swelling agent or as a non-
derivatising solvent for cellulose, depending on the aqueous molar concentration (Cuissinat and
Navard, 2006). Cellulose swelling occurs when the amount of NMMO in water is 75% NMMO
or less (Cuissinat and Navard, 2006). The general understanding is that a stronger cellulose
swelling would be imparted by a chemical agent that has a greater polarity, a stronger electron
donor-acceptor ability and possesses a greater hydrogen bonding ability (Klemm et al., 1998b).
2.5.2 Intracrystalline swelling agents
The treatment of native cellulose with intracrystalline swelling agents leads to an increase in
the accessibility of the hydroxyl groups, an increase in water sorption and a decrease in both
the crystallinity and the density. This approach has been used to improve the dyeability of
cotton (Betrabet and Rollins, 1970). Intracrystalline swelling agents can penetrate both the less
ordered regions and the ordered regions of cellulose chain matrix and bring about both swelling
and decrystallisation of the cellulose, leading to a change in crystal lattice of the cellulose from
cellulose I to cellulose II and even to cellulose III (Wada et al., 2006). Other intracrystalline
swelling agents for cellulose apart from aqueous solutions of NaOH (Cuissinat and Navard,
2006) include aqueous solutions of piperizine, urea, ethylenediamine (EDA) and zinc chloride,
each having variable decrystallising abilities (Isobe et al., 2013; Betrabet and Rollins, 1970). The
decrystallising ability of piperizine on cellulose is not as severe as EDA, with zinc chloride having
the highest impact on cellulose decrystallisation (Betrabet and Rollins, 1970) .
The effects of combining aqueous, non-aqueous intercrystalline and non-aqueous intrac-
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rystalline swelling agents on cellulose has also been studied (Kulkarni and Lokhande, 1975;
Lokhande et al., 1983, 1984). A mixture of EDA and morpholine, at a molar ratio of 3:1, resulted
in a greater decrystallisation effect on cellulose than when cellulose was treated with EDA alone
(Lokhande et al., 1984). Other intracrystalline swelling agent mixtures include NaOH-water-urea
(Cuissinat and Navard, 2006), NaOH-water-ZnO (Cuissinat and Navard, 2006), and NaOH-water-
NMMO (Cuissinat and Navard, 2006) mixtures. It is noteworthy that the distinction between
swelling and dissolution of cellulose is not clear cut. A swelling agent may also function as a
solvent in a concentration dependent manner.
2.6 Cellulose dissolution
The properties and behaviour of cellulose in solvents generate much discussion in cellulose
science. Nevertheless, one general agreement is that cellulose is difficult to dissolve. The three
hydroxyl groups on the surface of the anhydroglucopyranose units of cellulose suggest that
hydrogen bond forming polar solvents e.g. water, should swell and consequently dissolve
cellulose (Lindman et al., 2010). Interestingly, the inability of cellulose to dissolve in water
or common organic solvents has been generally attributed to the presence of these hydroxyl
groups, which form various intramolecular bonds and intermolecular hydrogen bonds between
the cellulose chains (Bodvik et al., 2010). Glucose on the other hand possess hydrogen bond
that are not held by intramolecular and intermolecular forces, hence its high solubility in water.
In 2010, Lindman’s group pointed out the often-neglected hydrophobic forces brought
about by the hydrogen atoms of the C-H bonds, which are arranged in axial positions on the
cellulose chain (Lindman et al., 2010). They argued that cellulose is an amphiphilic polymer,
having both polar and non-polar surfaces and if this is so, it would explain the dissolution in
amphiphilic solvents such as NMMO and some ionic liquids (Lindman et al., 2010; Medronho
et al., 2012; Medronho and Lindman, 2015). This hypothesis, called the Lindman hypothesis,
has been strongly debated by renowned cellulose scientists (Glasser et al., 2012). The value
of this hypothesis was then generally acknowledged after it was reviewed from biosynthetic,
crystallographic, and thermodynamic points of view (Glasser et al., 2012).
Most of the solvents systems that dissolve cellulose do not have many properties in common.
Medronho and Lindman, 2015, however, stated that the ability of any solvent to dissolve cellulose
will greatly depend on its ability to disrupt the intermolecular forces (such as the hydrogen
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bonding, hydrophobic forces and van der Waals forces) and the intramolecular forces acting on
cellulose. Solvents for cellulose can be generally classified as derivatising solvents and as non-
derivatising solvents, from an organic chemistry point of view (Klemm et al., 1998b). Derivatising
solvents dissolve cellulose and convert the hydroxyl functional group to an unstable ester, ether
or acetal whereas non-derivatising solvents dissolve cellulose by altering the intermolecular
forces acting on cellulose chains (Klemm et al., 1998b). Some of the solvents for cellulose are
listed in Table 2.4.
Table 2.4: Some of the cellulose derivatising and non-derivatising solvents as adapted from
Klemm et al., 1998b
Derivatising solvents Non-derivatising solvents
Phosphoric acid (>85%)/water Diethylbenzylammonium hydroxide
Formic acid/zinc chloride Methylamine/dimethyl sulphoxide
Triflouroacetic acid/triflouroacetate
Ammonium/sulphur dioxide/dimethyl
sulphoxide or formamide
Dinitrogen tetraoxide/dimethylformamide Dimethylacetamide/lithium chloride
Trioxane/dimethyl sulphoxide Ammonium/sodium bromide/morpholine
Carbon disulphide/sodium
hydroxide/water
N-methylmorpholine-N-oxide
(>76%)/water
Chlorotrimethyl silane Ionic liquids
Cellulose is an amphoteric polymer that behaves as either a base or an acid depending on
the solvent used. Therefore, the initial description for the dissolution of cellulose in aqueous
non-derivatising solvent systems was thought to occur by acid-base interactions. However,
the concept of electron-donor mechanism was thought more appropriate as the acid-base
mechanism could not be applied to organic solvents, which have low ionising ability (Klemm
et al., 1998b).
Some dissolution mechanisms might involve the use of decrystallisation agents to facilitate
dissolution. An example is the noted decrystallisation effect of urea in the urea-LiOH solvent
mixture (Isobe et al., 2013). Cuissinat and Navard conducted a series of studies on the mechan-
ism of cellulose dissolution in varying aqueous concentrations of NMMO and NaOH. At 83% -
87% aqueous NMMO and 90◦C, the native cellulose fibres disintegrated into rod-like fragments
without noticeable swelling. A similar pattern of dissolution was also observed with the addition
of a NaOH-water-thiourea-urea mixture to cellulose (Zhang et al., 2013). An interesting optical
micrographic observation that is associated with the dissolution of cellulose, at certain con-
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centrations of solvent, is the non-homogeneous swelling of cellulose in patterns that resemble
balloons. The ballooning effect is shown in Figure 2.7 for cellulose pulp fibres at the initial
minute of swelling and after 8 minutes, when the balloons begin to manifest (Cuissinat and
Navard, 2006).
A B
Figure 2.7: Micrograph of cellulose pulp swollen in 81% NMMO (Cuissinat and Navard, 2006).
(A) shows the pulp within 1 minute of swelling while (B) shows the pulp 8 minutes after swell-
ing with the formation of balloons along the fibre.
The mechanism for the ballooning phenomenon was described by Ott et al., 1954 for raw
cotton fibres which have not undergone any chemical treatment or mechanical treatment.
According to Ott et al., 1954, the primary cell wall of cotton (containing a small amount of
cellulosic fibres) acts as a permeable membrane allowing the inflow of solvents to the secondary
cell wall, of which cellulose fibres are the major component. The swelling of cellulose in the
secondary wall then leads to a radial expansion of the secondary cell wall. This expansion
consequently leads to formation of cracks on the primary cell wall which slide to form rings
along the fibres, hence the observed helical shape referred to as balloons. The cellulose fibre
then dissolves when the osmotic pressure within the cell wall is greater than the resistance
posed by the cell walls.
Further studies on this ballooning effect were carried out by Cuissinat and co-workers
(Cuissinat and Navard, 2008; Cuissinat and Navard, 2006; Navard and Cuissinat, 2006) using
aqueous NMMO with loadings within 76% and 81% (Navard and Cuissinat, 2006) and NaOH-
water-thiourea mixtures (Cuissinat and Navard, 2006). The authors agreed with the description
given by Ott et al., 1954 for the ballooning effect but made use of phrases such as “the secondary
wall of cellulose or wood fibres is divided in three sub-layers (S1, S2 and S3)” (Cuissinat and
Navard, 2008). Obviously, cellulose does not have a cell wall but is a constituent of plant cell wall
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alongside hemicellulose, lignin and pectin (Chen, 2014). Moreover, the authors used cellulose
fibres that have undergone sulphite pulping and bleaching processes for the studies. Therefore,
the cell wall may not have been present in these cellulose fibres. However, it could be assumed
that the authors referred to cellulose fibres that had been extracted from primary cell wall, which
would be seen at the “outer layer” of the fibres and those extracted from the secondary cell wall,
which would be the inner layer cellulose fibres.
The ballooning effect was not observed when the outer layer cellulose fibres were removed by
enzymatic treatment (Cuissinat and Navard, 2008) or when in a combined state with other non-
cellulosic components as seen for raw jute fibres, flax sisal, hemp and ramie fibres (Cuissinat
and Navard, 2008). It would then be assumed that the orientation of cellulose that was extracted
from the primary cell wall could be different from that of the cellulose from the secondary cell
wall. The chain orientation could be such that the cellulose is permeable and elastic, allowing
the expansion of the dissolved secondary wall cellulose.
The complexity and uniqueness of cellulose as a biopolymeric material cannot be rationally
overemphasized. The structural conformation that is possessed by cellulose is such that a small
change in process variables and in experimental variables could bring about a profound change
in properties. This results in there being several applications in diverse industries, from the
traditional application in papermaking, to rheology modifiers in food, medical applications
and cosmetics, as well as reinforcements in plastics. Some of the applications resulting from
the functionalisation or dissolution of cellulose are briefly discussed below. Comprehensive
reviews/books have been written on the theme of various cellulose derivatives and applications
(Klemm et al., 1998b; Klemm et al., 1998a; Klemm et al., 2005).
2.7 Cellulose solutions, derivatives and their general ap-
plications
Objectives of dissolving cellulose include rendering it processable into films, filaments, mem-
branes and other forms/applications. When the reaction conditions (such as temperature, time,
amount of reagent) are changed, different extents of derivatisation and solubilisation of the
cellulose result.
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2.7.1 Cellulose esterification
Cellulose, in the presence of inorganic acids or organic acids, acts as a base and undergoes ester-
ification reaction leading to cellulose esters. The oldest known cellulose ester of an inorganic
acid is nitrocellulose (Pierce, 1927), prepared by the reaction of nitic acid (HNO3) with cellulose
in an H2SO4/H2O system. Nitrocelluloses are used as binders in flexographic inks, lacquers
(protective and repellent coatings for wood, paper and metal surfaces) and in explosives (Klemm
et al., 1998a). Cellulose sulphate esters are prepared by the esterification of cellulose, chiefly
with sulphuric acid. Currently, there is a 1000 kg/day plant for the production of cellulose crys-
tals, which are the residual degradation product of the sulphuric acid esterification of cellulose
(Trache et al., 2017).
Another cellulose ester of great commercial value is cellulose xanthogenate, an intermediate
product to viscose. Viscose is a viscous solution of cellulose dissolved in carbon disulphide (CS2)
and aqueous NaOH (Klemm et al., 1998a). Viscose is spun through a slit or hole to produce
films (cellophane, used in food packaging) or filaments (viscose rayon) upon precipitation in
non-solvent. Viscose rayon is a long standing textile material, however, the process is associated
with some environmental and health issues because of the toxicity of CS2 (Klemm et al., 2005).
Lyocell was developed as a more environmentally friendly substitute to the viscose process.
This process uses non-toxic NMMO to dissolve cellulose, which is spun into filament before
being precipitated in non-solvent for textile production (Klemm et al., 2005; Borbey, 2008).
Another cellulose ester from inorganic acid is phosphorylated cellulose prepared by reaction of
cellulose with phosphoric acid. The resulting material is good fire-retardant material and finds
applications where fire retardancy is needed (Klemm et al., 1998a).
2.7.2 Cellulose acetylation
Organic acid anhydrides or chlorides are also used to esterify cellulose. Acetylation of cellulose
to yield cellulose acetate using acetanhydride is one of the major esterification reactions using
organic acids. This reaction is catalysed by sulphuric acid to yield cellulose triacetate (CTA)
with a degree of substitution (DS) of 3 (Klemm et al., 1998a). CTA has similar properties with
synthetic plastics and soluble in dichloromethane. Solubility in ethanol is made possible after
deacetylation to a DS of 2.5 (Klemm et al., 1998a). Cellulose acetate and other organic acid
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esters of cellulose such as cellulose propionate, cellulose butyrate find applications in coatings,
sustained drug release and in injection moulding of plastics (Klemm et al., 2005).
2.7.3 Cellulose etherification
Etherification of cellulose involves the reaction of alkali cellulose with an alkyl halide or alkyl ox-
ide. The more commercially important cellulose etherification reactions include the production
of carboxymethyl cellulose (CMC), methyl cellulose and ethyl cellulose, using monochloro-
acetic acid (or sodium monochloroacetate), methyl chloride and ethyl chloride respectively,
as etherifying agents. In addition, the reaction of ethylene oxide and propylene oxide with
alkali cellulose yields the respective hydroxyalkyl celluloses, hydroxylethyl cellulose (HEC) and
hydroxylpropyl cellulose (HPC) (Klemm et al., 1998a). Variations in the reagent amount, the
time and the temperature result in polymeric materials with varying DS. Depending on the DS,
the resulting derivatised cellulose can be rendered soluble in aqueous alkaline media, water
and selected organic solvents. Longer alkyl side groups and higher DS also lead to a more
hydrophobic material. The application of cellulose ethers include their use in formulation of
detergents, paints, drugs, foodstuff and cosmetics (Klemm et al., 1998a).
2.7.4 Cellulose oxidation
The hydroxyl groups on cellulose can be partially oxidised to carboxyl, aldehyde or ketonic
functional groups using adequate oxidising agents. Oxidants such as NO2, H3PO4/NaNO2,
and NaClO/TEMPO can selectively oxidise the primary hydroxyl groups on C-6 (Nooy et al.,
1995; Klemm et al., 1998a). On the other hand, periodate can selectively oxidise the C-2 and
C-3 hydroxyl groups on cellulose to 2,3-dialdehyde cellulose. Further oxidation with NaClO2
yields 2,3-dicarboxylic acid cellulose (Liimatainen et al., 2012; Coseri et al., 2013). Potential
applications of oxidised cellulose are in biomedicine for wound care and scaffolding materials
because of their bioresorbable and biodegradable properties (Galgut, 1990a; Galgut, 1990b).
2.8 Summary
Cellulose is biosynthesised in varieties of woods, plants, algae and microbes, making it the most
abundant polymer material on earth. Different pulping methods are used to extract cellulose
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from its sources, yielding variable grades of cellulose pulp. The hydroxyl groups on the surface
of cellulose repeat unit alongside the supramolecular orientation of cellulose result in a material
that is difficult to dissolve in water. Hence, the swelling and dissolution of cellulose in selected
swelling agents and solvents have been matter of contention amongst cellulose researchers. The
current hypothesis is that the lack of aqueous dissolution of cellulose is as a result of the sum of
all hydrogen bonding forces (from hydroxyl groups) and hydrophobic forces (from CH), as
cellulose can be considered as an amphiphilic material. The hydroxyl groups of cellulose apart
from contributing to cellulose insolubility in water also allow for the surface functionalisation
of cellulose. Indeed, the functionalisation of cellulose opens wide areas of applications, which
would not be possible with the pure cellulose material. Moreover, the rapidly developing fields
of nanoscience, nanotechnology and research in nano-sized cellulose materials have further
widened the spectrum of cellulose applications.
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[ Chapter Three \
Background on Cellulose Nanomaterials
and Composites
Here a general review of nanomaterials is given before emphasis on nanocellulose, a nano-sized
cellulose material. The different types of nanocellulose, their methods of preparation, some
of the general characterisation methods and the properties of cellulose nanofibrils (CNF) are
discussed. The effects of CNF in composite materials are presented alongside details concerning
CNF/alginate-based nanocomposites. The literature available in this research field is extensive
and wide-ranging. Therefore, effort has been made towards reviewing the salient, core literature
related to the research project using the “funnel” approach as shown in Figure 3.1.
Nanomaterials
Nanocellulose
BNC CNF CNC
CNF
• Methods
• Characterisation
• Challenges
• CNF nanocomposites 
Figure 3.1: Funnel approach used in the literature review of nanomaterials and nanocellu-
lose materials
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3.1 Introduction to nanomaterials
The branch of science involved with the study, production and application of materials in the
nano-field is nanotechnology. The term nanotechnology is generally accepted to have originated
following the lecture given by Richard Feynman in 1959 on miniature machinery (Feynman,
1960). Although Feynman focused unsurprisingly on the physical aspects of miniature machines,
he offered little or no insights into the contribution of chemistry and the principles of molecular
self-assembly to the miniaturisation concepts (Ball, 2009). Currently, the field of nanoscience
and nanotechnology is regarded as an allied science made up of chemistry, biology, physics,
material science and engineering.
Nanomaterials are defined as materials with one or more dimensions of approximately 100
nm or less, (British Standards Institution, 2007). The nano-size dimension, surface chemistry
and high surface area of nanomaterials impart different mechanical, thermal, optical and
electrical properties compared with those of the bulk material (Klaessig et al., 2011). Although
100 nm is generally used as the upper limit of the dimension at which the changes in material
properties are observed, this upper limit has not yet been generally accepted. Klaessig et al.,
2011 reviewed the current perspectives in nanotechnology, terminology and nomenclature.
They identified that the upper limit accorded to nanomaterials depends on the field of study.
For example, material scientists consider the intrinsic properties of the nanomaterials and
suggested 30 nm as the upper limit, where changes in properties compared to the bulk material
are observed (Klaessig et al., 2011). On the other hand, biological scientists considering the
extrinsic properties of the nanomaterial i.e. how these materials interact with the body and have
suggested a 1000 nm upper limit.
Nanomaterials can be classified as either having non-polymeric origin or polymeric origin.
Non-polymeric nanomaterials include metals, non-metals, metal oxides, carbon allotropes,
clay minerals and quantum dots. Polymeric nanomaterials are nanomaterials having natural
origins or synthetic polymeric origins. This classification is illustrated in Figure 3.2 for examples
of each class. Regardless of the origin, there are two major methods for the preparation of
nanomaterials; the top-down approach or the bottom-up approach (Mijatovic et al., 2005; Yuan
and Müller, 2010; Tiwari et al., 2012). The top-down method involves the deconstruction of
bulk materials using various methods such as acid hydrolysis, the use of enzymes or fungi,
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mechanical processes (such as cutting, homogenisation and grinding) (Spence et al., 2011), and
lithography. The bottom-up method on the other hand involves the use of various deposition
techniques and the self-assembly of nanomaterial atomic/molecular precursors, (Mijatovic
et al., 2005; Tiwari et al., 2012).
Nanomaterials
Polymeric
Non-polymeric
Natural
Synthetic
Dendrimers, micelles
Metals
Metal oxides
Non-metals
Carbon allotropes
Quantum dots
• Proteins
• polysaccharides
• PLA
• PLGA
• PEG, etc.
• Au 
• Ag 
• Al, etc.
• Si
• SiO2,
• ZnO
• Fe2O3 etc.
• CNT
• graphene 
• fullerenes
• CdSe
• GaAs, etc.
Figure 3.2: Classification of nanomaterials based on polymeric origins and non-polymeric
origins
Each of these preparation methods presents advantages and disadvantages. While the
top-down deconstruction method may be less time consuming, it is demanding in energy
consumption and may produce nanomaterials in association with contaminants. The bottom-
up method is time consuming but, in most cases, requires less energy and produces high purity
materials (Joye and McClements, 2014). The hybrid approach, which uses a mixture of bottom-
up methods and top-down methods, is suggested for the fabrication of nanomaterials which
cannot be made by separate methods, as in the fabrication of nanochannels for nanofluidic
devices, (Mijatovic et al., 2005).
Most of the investigations into the applications of non-polymeric nanomaterials are in en-
ergy storage devices, catalysis and in electronic displays (Tiwari et al., 2012; Zhukov et al., 2000).
They are also used in structural nanocomposites (Schaefer and Justice, 2007). Applications
of non-polymeric nanomaterials in biomedicine have also been investigated for drug/gene
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delivery, biosensors and imaging devices (Ventola, 2012; Mclaughlin et al., 2016). For example,
carbon nanotubes (CNT) (Taghdisi et al., 2011) and CdS quantum dot (Li et al., 2006) have been
studied for the delivery of the blood cancer drug daunorubicin. In addition, Ag nanoparticles
are now approved as antimicrobial agents (Khundkar et al., 2010) and sterilising agents (Ventola,
2012).
However, the wide acceptance and use of non-polymeric materials in food and drugs has
been deterred by the perceived toxicity issues or concerns. These materials are known to
accumulate in organs over time, leading to inflammation and chronic toxicity (De Matteis,
2017). Although non-polymeric materials can be coated or functionalised with other less
toxic materials, to reduce the toxicity and increase compatibility, the possibility of the toxic
components leaching out raises concerns (Saad et al., 2012; De Matteis, 2017).
Polymeric materials however seem to pose less toxicity to the human body. Some polymeric
materials such as Poly(ethylene glycol) (PEG)-based nanomaterials, Poly(lactic acid) (PLA),
Poly(lactic-glycolic acid) (PLGA), Poly(caprolactone) (PCL), with their well characterised physico-
chemical properties, have been approved for use by the United States’ Food and Drug Agency
(FDA) (Bobo et al., 2016). These materials are known to be stable and highly reproducible (Saad
et al., 2012). In recent times, there has been a great public awareness on the renewability of
synthetic polymers from fossil fuel origins (Hopewell et al., 2009). Consequently, naturally
synthesised materials (such as cellulose, alginate, chitosan, hyaluronic acid, etc.), which are
inherently biocompatible, biodegradable, less toxic to humans and to the environment are now
being explored. Intensive studies and reviews of the various applications in drug delivery, tissue
regeneration, packaging, etc., abound (Joye and McClements, 2014; Wurm and Weiss, 2014;
Mclaughlin et al., 2016; Voisin et al., 2017; Han et al., 2018). Nanocellulose is one of the natural
polymeric nanomaterials that has attracted much research effort. This aspect is considered in
the following sections.
3.2 Nanocellulose
Nanocellulose is a material that is prepared from various sources of cellulose, with one of its
dimensions being between 3 nm to 100 nm. It is classified as a sustainable and renewable
material because of the vast abundance of cellulose in nature (Missoum et al., 2013; Eyley and
Thielemans, 2014; Taheri and Samyn, 2016; Afrin and Karim, 2017; Tang et al., 2017). Bacterial
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nanocellulose (BNC), Cellulose nanocrystals (CNC) and Cellulose nanofibrils (CNF) are the three
types of nanocellulose that are identified in literature (Klemm et al., 2018). CNC is also termed
nanocrystalline cellulose (NCC) or cellulose whiskers but is referred as CNC herein. Other terms
in the literature include Nanofibrillated cellulose (NFC) and Microfibrillated cellulose (MFC),
which refer to specific cellulosic products of mechanical disruption. In this thesis the term CNF
is used, which is the elementary discrete fibril state of cellulose.
A Scopus data base search was conducted on 22/06/2018 for the keywords “bacterial nano-
cellulose or bacterial cellulose or BNC or microbial cellulose”, “cellulose nanocrystals or nano-
crystalline cellulose or cellulose whiskers or cellulose nanowhiskers” and “cellulose nanofibrils or
nanofibrillated cellulose or cellulose nanofibers (fibres) or microfibrillated cellulose or cellulose
microfibrils”. The results from the search are shown in Figure 3.3. It should be noted that the
result for CNF might be an overestimation because the keywords “cellulose microfibrils and
microfibrillated cellulose” were included in the search criteria. These keywords were included
because of the non-uniformity of the terminology used by some nanocellulose researchers. In
several papers published by some Swedish authors (Wågberg et al., 2008; Ankerfors, 2012), as
well as the original paper by Turbak et al., 1983, the “micro” term was quoted for the resulting
cellulose, although the fibres were in nano dimensions.
Continuation of this remarkable growth in nanocellulose research is likely to be influenced
by the inherent biodegradable and biocompatible properties of this material. In addition, the
improved material properties such as being lightweight, having high strength, optical properties,
oxygen barrier properties and ability to form liquid crystals when going from the microscale to
the nanoscale, made the nanocellulose field an active research area. These observed properties
have inspired many studies into the potential use of nanocellulose in biomedicine (Lin and
Dufresne, 2014; Jorfi and Foster, 2015; Rees et al., 2015), in automotive exteriors and interiors
(Faruk et al., 2014), in packaging materials (Li et al., 2015; Hubbe et al., 2017) in electronic
devices (Du et al., 2017; Shi et al., 2013) and as environmental remediation materials (Putro
et al., 2017; Voisin et al., 2017). The methods of preparation of BNC, CNC and CNF are discussed
in more detail in the following sections.
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Figure 3.3: Number of research publications on BNC, CNC and CNF from 2003 to 2018. Car-
ried out on 22/06/2018 using Scopus data search
3.2.1 Bacterial nanocellulose (BNC)
BNC is produced from cultures of the bacterium, Gluconacetobacter xylinus, (formally Aceto-
bacter xylinum) found during the fermentation of sugars and plant flowers. Pure strains of the
bacterium are also available (Geyer et al., 1994; Gatenholm and Dieter, 2010; Jozala et al., 2016;
Klemm et al., 2011; Klemm et al., 2018). BNC is the only type of nanocellulose that is prepared
using the bottom-up approach through the build-up of anhydroglucopyranose repeat units of
cellulose to form cellulose fibrils. Therefore, BNC does not contain hemicellulose, pectin and
lignin (Gatenholm and Dieter, 2010; Jozala et al., 2016).
Two major methods are usually employed in BNC cultivation: the static culture method and
the stirred or agitated culture method (Jozala et al., 2016). While the static culture method results
in greater yields, it requires larger area for cultivation. The agitated culture method results in
low cellulose yields and low mechanical properties, although, the duration of the cultivation is
shorter than that of the static culture method. The Horizontal Lift Reactor (HoLiR) was developed
to harness the advantages of both static method and agitated method (Klemm et al., 2018). HoLiR
operates as a semi-continuous process, thereby reducing the cost of production. Regardless
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of the method used for BNC cultivation, the medium requires carbon sources and nitrogen
sources alongside salts of potassium, sulphur and phosphorous. During the cultivation process,
a three-dimensional network structure is formed from ribbon-like structures, comprising of
cellulose nanofibrils, as shown in the scanning electron microscopic (SEM) image in Figure 3.4.
Glycerol and PEG are added to guide the formation of these three-dimensional structures.
Figure 3.4: SEM Micrograph of 3D network structure of bacterial nanocellulose (Gatenholm
and Dieter, 2010)
Factors such as temperature (usually 25−30◦C), pH, and the presence of additives affect
the yield of BNC. The stated yield of BNC according to Klemm et al., 2011 is around 40 %,
relative to the D-glucose starting material. However, on the basis of an average of 40 BNC
samples, as quoted in two review articles, (Sani and Dahman, 2010; Jozala et al., 2016) on BNC
yield is between 5.3 - 7.3 g/L. Nevertheless, the high purity of BNC makes it very attractive for
applications in the food and drug industries. This explains the increase in research publications
on this theme as witnessed over the past 15 years, as shown in Figure 3.3. However, the low yield
and relatively high cost of production has deterred its mass production. A recent review of the
problems of the low yield of BNC revealed the various start-ups, sale and collapse of companies
that attempted to commercialise BNC (Gama and Dourado, 2018).
3.2.2 Cellulose nanocrystals (CNC)
CNC is one of the more widely researched of the three types of nanocellulose. The growth in the
number of publications based on CNC is represented in Figure 3.3. This great growth in the num-
ber of published papers is an indication of the great potential that CNC possesses because of the
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desirable properties it can provide (high strength, optical properties, self-assembly properties
etc.), (Habibi et al., 2010). Moreover, CNCs can easily be surface modified, as with other types of
nanocellulose, to impart desired properties such as hydrophobicity/and electrical conductivity
(Eyley and Thielemans, 2014; Trache et al., 2017). This makes them attractive as additives in
electronic devices, fillers in composites and binders in inks and in paint formulations (Rusli
et al., 2011; Hoeng et al., 2016; Du et al., 2017).
The general methods of CNC production involve the selective removal of the less ordered
regions of the cellulose repeat unit by a hydrolysing agent, leaving behind short needle-like or
rod-like crystals of the ordered regions (Azizi Samir et al., 2005; Habibi et al., 2010; Klemm et al.,
2011; Trache et al., 2017). Cellulose nanocrystals are mainly prepared by the use of controlled,
strong acid hydrolysis using one of sulphuric acid (Bondeson et al., 2006; Dong et al., 2016),
hydrochloric acid and phosphoric acid (Habibi et al., 2010; Dufresne, 2012). Enzymes have
also been used for cellulose hydrolysis (Filson et al., 2009; Yarbrough et al., 2017) and used as
a mediating step to acid hydrolysis (Beyene et al., 2017). Other methods of CNC production
make use of ionic liquids, of supercritical water as well as oxidants (Habibi et al., 2006; Sun
et al., 2015; Zhou et al., 2018). CNC produced via the sulphuric acid hydrolysis route are surface
modified with anionic sulphate groups and are able to form stable dispersions in water. However,
hydrochloric acid hydrolysed CNC are not surface modified with any ionic groups and are unable
to maintain a stable dispersion in water (Azizi Samir et al., 2005; Klemm et al., 2011; Dufresne,
2012).
There are various factors that can affect the dimensions of CNC. One of them is the source
of cellulose used in preparation. A review on the dimensions of CNC from different sources
shows that CNC from Valonia and tunicin (cellulose extracted from tunicate) could have lengths
over 1000 nm and widths within 10 – 30 nm. Those from wood pulp have lengths of about 100 –
200 nm and widths of 3 – 4 nm (Dufresne, 2012; Habibi et al., 2010). Other factors that affect the
morphology of CNCs include the experimental conditions such as the time, the temperature, the
acid concentrations and the acid-to-pulp ratio (Habibi et al., 2010; Klemm et al., 2011; Trache
et al., 2017). Studies carried out by Dong, (1998) reveal that, at a constant temperature of 45◦C
the time of hydrolysis with sulphuric acid increased from 10 min to 240 min, causing the length
of the CNC to decrease from 390 nm to 177 nm, while the surface charge increased. Increasing
the reaction temperature (45◦C to 72◦C) also results in a decrease in CNC lengths (Habibi et al.,
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2010).
Using sulphuric acid (45% to 55%) at constant temperature of 45◦C, and hydrolysis times
between 10 and 30 min, followed by 5 passes through a high shear processor, Tian et al., 2016
produced what was regarded as charged CNF having interconnected nanofibrils. In another
work, Sun et al., 2015 prepared what they referred to as CNC by subjecting a TEMPO-mediated
oxidised cellulose to high pressure homogenisation (202 MPa) for 5 passes. The authors reported
a length of 200 nm for the TEMPO-CNC. However, from the transmission emission microscopic
(TEM) image provided, it was difficult to ascertain the discrete length of the fibrils as they are seen
connected to each other. These studies nevertheless show how variation in the experimental
conditions and methods could cause significant changes to the properties of the resulting
nanocellulose, switching from CNC to CNF or vice versa.
The optimised experimental conditions to yield CNC with widths less than 10 nm and lengths
between 200 nm and 400 nm from cellulose microcrystals involved a 63% - 65% sulphuric acid
concentration and a 2h reaction time, which resulted to an average yield of 30% relative to
the starting cellulose (Bondeson et al., 2006; Habibi et al., 2010). Above this concentration,
complete hydrolysis to the glucose monomer ensues. A typical micrograph of CNC is shown in
Figure 3.5. CNC is now produced on the large scale of up to 1000 kg per day, mainly by the acid
hydrolysis route (Chauve and Bras, 2013; Trache et al., 2017). The associated challenges of the
acid hydrolysis route include the amount of concentrated acid used during production and the
fairly low yield. To reduce the amount of acid used during hydrolysis and possibly to increase
the yield, the use of enzymes in a pre-treatment prior to the acid hydrolysis has been suggested
(Beyene et al., 2017; Beltramino et al., 2018). However, the overall cost of the entire process
would determine whether or not an additional pre-treatment process would be beneficial.
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Figure 3.5: Typical transmission electron micrograph of CNC derived from Sisal fibres (Gar-
cia de Rodriguez et al., 2006)
CNCs having adequate surface charges and between a critical concentration (1% -10%) show
optical birefringence and have the ability to self-assemble, thereby taking up a liquid crystalline
arrangement (Habibi et al., 2010). This property can be useful in optical displays and security
papers (Khalil et al., 2014). The mechanical properties of CNC and its reinforcing ability depends
mainly on the aspect ratio. Typical aspect ratios of CNC as determined from measurements of
lengths and widths from microscopic images, are between 25 to 40 (Habibi et al., 2010). While
CNC from cotton linters have the lower aspect ratio (4-5) (Elazzouzi-Hafraoui et al., 2008), those
from tunicin have the higher aspect ratio, up to 100 (Kimura et al., 2005). Higher aspect ratio
nanomaterials are desired in composite formulation because of their efficient stress transfer
from the matrix to the nanomaterial (Rusli et al., 2011). This is why higher aspect ratio CNCs,
such as those from tunicin, have greater reinforcing capability than those from cotton and wood
with lower aspect ratios (Klemm et al., 2011; Rusli et al., 2011; Mariano et al., 2014).
3.2.3 Cellulose nanofibrils (CNF)
Cellulose nanofibrils are composed of the elementary fibrils of cellulose fibres having both the
ordered (crystalline) and the less ordered (amorphous) regions of the anhydroglucopyranose
units. Since the crystalline segments and the amorphous portions of the cellulose chains are
still present in CNF, CNF is characterised by long interconnected fibrils having a high aspect
ratio. Hence, CNF is usually desired where structuring and reinforcing effects are required. The
first reported process for CNF production was given by Turbak et al., 1983. Since then, there has
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been interest involving research studies into CNF production, modification and application,
especially over the last 15 years as shown in Figure 3.3.
CNFs are mainly prepared by the mechanical fibrillation of cellulose fibres. The method,
first described by Turbak et al., 1983, for what was then called microfibrillated cellulose involved
the passing of a 1-2 % cellulose pulp suspension through a high pressure homogeniser. The
pressure within the fibrillation chamber together with the high velocity at which the slurry is
pumped, leads to high stress and turbulent flow within the liquid, which then leads to fibre
disruption (Lee et al., 2009). The properties of the resulting dispersion containing the nanofibrils
were remarkably different from those of the bulk material. Prior to the mechanical fibrillation,
cellulose pulp is often dispersed in water or other swelling agents at a low solids content. The
swelling of the fibres in these swelling agents helps in delamination and reduces the transverse
cutting of the elementary fibrils (Nechyporchuk et al., 2016).
Homogenisers, high shear processors (sometimes referred to as microfluidisers) and grinders
are three of the conventional mechanical fibrillation tools used for CNF production (Nechy-
porchuk et al., 2016). These mechanical processors typically have a feed inlet, an interaction
chamber where mechanical attrition is applied to the fibres and an outlet to release the fibril-
lated cellulose. Comparative investigations into the properties of CNF films produced using
the aforementioned mechanical processing tools have revealed that the use of the high shear
processor results in CNF films with high tensile properties compared to the products arising
from the use of homogenisers or grinders (Spence et al., 2011). However, homogenisers and
high shear processors suffer from internal chamber clogging caused by large cellulose fibres,
leading to process downtimes and clean-up times.
Mechanical shearing pre-treatments using pulp refiners, mills, beaters and dispersers are
used to reduce clogging effects. Even with these pre-treatments, homogenisers and high shear
processors require the use of a low-solid-content cellulose suspensions (usually between 1-2
wt. %) during processing. This is to avoid issues related to the pumping of highly viscous
suspensions. Pre-treatments are not required for grinders and CNF can be processed at a
larger solid content (Spence et al., 2011). Apart from the use of homogenisers, high shear
processors and grinders, other non-conventional mechanical processors such as ultrasonic
probes, cryocrushers, blenders, ball millers and steam exploders have been investigated and
reviewed (Siró and Plackett, 2010; Dufresne, 2012; Khalil et al., 2014; Lavoine et al., 2012;
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Nechyporchuk et al., 2016).
Regardless of the mechanical processing method applied, if high degrees of fibrillation and
good quality CNF are to be attained, repeated number of cycles through the mechanical device
must be carried out. The commonly applied number of passes are between 1 and 50, (Taheri
and Samyn, 2016). The mechanical processing of CNF could have an energy demand up to
30000 kWh per tonne of cellulose (Siró and Plackett, 2010). Various chemical and biological
pre-treatment methods have been introduced to reduce the energy demand of CNF produc-
tion. These pre-treatments are all aimed at reducing the effect of intermolecular forces on
cellulose through mechanical shearing, surface modification and the swelling of cellulose fibres,
thereby making delamination easier. Some of the conventional pre-treatment methods, such
as carboxymethylation, TEMPO-mediated oxidation and partial hydrolysis with enzymes are
briefly discussed below (Nechyporchuk et al., 2016). Other non-conventional methods are also
highlighted.
3.2.3.1 Carboxymethylation pre-treatment
The carboxymethylation of cellulose is a well-established process yielding water soluble, modi-
fied cellulose. The sodium derivatives of CMC or cellulose gums, as mostly referred in the food
industry, form a stable and viscous solution in water that are useful as thickeners, stabilising
agents, bulking agents and rheology modifiers, in the pharmaceutical, cosmetics, food and
paper industries (Hollabaugh et al., 1945). CMC is synthesised via a base (NaOH) catalysed
reaction between cellulose and monochloroacetic acid in the presence of an alcohol, usually
isopropanol (Pushpamalar et al., 2006). This substitutes the hydroxyl groups ( OH) at the
2, 3 and 6 carbons with carboxymethyl groups (CH2COO
–). The idealised reaction scheme is
presented in Figure 3.6. In theory, the degree of substitution (DS) of cellulose upon modifying
all the hydroxyl groups would be equal to 3 and the result, a highly soluble material.
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Figure 3.6: Scheme of the cellulose carboxymethylation reaction (Nechyporchuk et al., 2016)
Using more “gentle” reaction conditions, such as temperature, the time and the amounts
of reagents, the DS is reduced, leading to a partially substituted and insoluble cellulose with
very low DS (0.1-0.2). This method was first explored as a pre-treatment for CNF production by
Wågberg et al., 2008. By attaching negatively charged carboxymethyl groups to the surface of cel-
lulose, the electrostatic repulsion on the surface is increased, thereby swelling the cellulose and
facilitating mechanical fibrillation. By so doing, the energy required for mechanical fibrillation
is reduced to 500 – 2300 kWh per tonne of cellulose. The surface modification usually results
in a total surface charge of 515 µmol to 610 µmol of carboxymethyl groups per gram cellulose
and a DS of approximately 0.2 (Naderi et al., 2014; Wågberg et al., 2008; Naderi, 2017; Siró and
Plackett, 2010). The resulting CNF is a stable gel-like and transparent aqueous dispersion having
fibril widths between 5 nm - 15 nm. The degree of transparency can be increased by increasing
the number of passes through the mechanical device.
3.2.3.2 TEMPO-mediated oxidation pre-treatment
TEMPO-mediated oxidation is an established process in the conversion of the primary hydroxyl
groups on various saccharides and polysaccharides to aldehyde/carboxyl groups (Nooy et al.,
1995). Much of the work on its use as a pre-treatment process for CNF production has been
carried out by Isogai et al. TEMPO serves as a catalyst to expedite the oxidation process. The
reaction process uses either a TEMPO/NaBr/NaClO or a TEMPO/NaClO/NaClO2 system to
convert the hydroxyl group on C-6 of the anhydroglucopyranose unit to a carboxylate group
(Isogai et al., 2011).
The reaction scheme for the TEMPO/NaBr/NaClO system is shown in Figure 3.7. The
NaClO or NaClO2 act as the primary oxidant, controlling the degree of oxidation. The primary
oxidant converts the TEMPO radical to an oxoammonium salt which then converts the primary
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-OH groups on cellulose to aldehyde groups. Prolonged oxidation results in carboxylic acid
groups and hydroxylamines, which are again oxidised to TEMPO radicals. The oxidation process
is favourable at pH 10-11 and can be monitored using the rate at which the NaOH, used in
maintaining the alkaline pH, is consumed. Reaction is complete when no change in the pH is
observed. The quantity of carboxyl groups on the cellulose can be varied by varying the amount
of the primary oxidant. The use of NaClO has been shown to bring about more depolymerisation
of cellulose than does NaClO2. However, the greatest degree of oxidation is obtained when
NaClO is used as the primary oxidant (Isogai et al., 2011).
Figure 3.7: Schematic representation of the TEMPO-mediated oxidation of cellulose by
TEMPO/NaBr/NaClO system (Hubbe et al., 2015)
The oxidised cellulose is dispersed in water at a low loading (1-2 wt. %) and subjected to a
“gentle” mechanical treatment using a suitable mechanical processor (homogeniser, high shear
processors or sonicator, etc.) (Isogai et al., 2011; Saito et al., 2006b; Saito et al., 2006a). This results
in a transparent, stable and gel-like aqueous CNF dispersion. The degree of transparency and
the strength of the gel depends on the number of carboxyl groups and the degree of mechanical
processing (Benhamou et al., 2014). The energy demands during mechanical fibrillation are
reported to fall to 7 MJ/kg (equivalent to approximately 1950 kWh/t) (Isogai et al., 2011).
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3.2.3.3 Enzymatic pre-treatment
Both monocomponent cellulase enzymes and complex cellulase enzymes have been used
to hydrolyse lignocellulose biomass into bioethanol following a mechanical pre-treatment or
chemical pre-treatment (Hendriks and Zeeman, 2009; Alvira et al., 2010). These enzymes are also
used to partially hydrolyse the less ordered portions of cellulose prior mechanical processing
for CNF production. Pääkko et al., 2007 have reported the production of CNF by an enzymatic
pre-treatment, followed by mechanical processing using a high shear processor. Prior to pre-
treatment, the cellulose pulp was milled to increase the accessibility of the enzymes to cellulose.
The resulting CNF was a turbid, gel-like material, having widths between 5 nm and 20 nm and
required 1500 kWh/t of energy per tonne of cellulose.
Enzymatic pre-treatments are usually carried out at 50◦C. However, by changing the time of
reaction, different dimensions of CNF can be obtained. For example, after 2h of hydrolysis, long
interconnected fibrils were obtained by Pääkko et al., 2007, as shown in Figure 3.8A, whereas
short fibrils (almost crystals) where obtained following 24h of hydrolysis by Qing et al., 2013, as
shown in Figure 3.8B.
A B
Figure 3.8: TEM images of CNF resulting from (A, (Pääkko et al., 2007)) 5h and (B, (Qing et al.,
2013)) 24h enzymatic hydrolysis of cellulose pulp. Scale bar of (B) is 200 nm
Enzymatic pre-treatment does not result in the surface modification of cellulose with ionic
groups (Pääkko et al., 2007; Nechyporchuk et al., 2016). Enzyme pre-treated CNF can be applied
as strength additives in paper making and in other applications where transparency is not a
primary requirement (Klemm et al., 2018).
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3.2.3.4 Other pre-treatment methods leading to surface modification
Periodate oxidation and quaternisation are among other pre-treatments that are sometimes
used for CNF production. While TEMPO-mediated oxidation has been shown to oxidise only
the primary alcohol (C-6) unit on cellulose chains, the periodate-chlorite process sequentially
oxidises the hydroxyl groups on C-2 and C-3 to give dicarboxylic acid groups (Liimatainen et al.,
2012; Tejado et al., 2012). This pre-treatment process yields a high anionic surface charge of up
to 3500 µmol/g, which then facilitates mechanical fibrillation to yield transparent gel-like CNF
with good aqueous stability ((Liimatainen et al., 2012; Tejado et al., 2012).
The quaternisation process makes use of quaternary ammonium chloride-based com-
pounds (such as 2,3-epoxypropyl trimethylammonium chloride and glycidyl trimethylam-
monium chloride) to modify the surface of cellulose with cationic groups, in the presence
of cellulose swelling agents such as DMSO or NaOH (Aulin et al., 2010; Pei et al., 2013). The
mechanical processing of the resulting material leads to a stable gel-like cationic modified CNF,
which has been shown to have great affinity for anionic dyes such as Congo Red (Pei et al., 2013).
3.2.3.5 Swelling agent pre-treatments
Pre-treatment methods that bring about the swelling of cellulose without surface modification
have been investigated. An example is given by the multicomponent microemulsion system
containing either urea or EDA, used to ease the delamination of cellulose and of other lignocel-
lulosic fibres (Carrillo et al., 2014). The authors attributed the reduction in energy demand in
CNF production to the ability of the microemulsion system to reduce hydrogen bonding in the
cellulose. Section 2.5.2 demonstrate that urea and EDA can bring about the decrystallisation
of cellulose. However, the effect of this treatment on the cellulose crystallinity and on surface
functionality was not studied. In another study, Onyianta et al., 2018a swelled cellulose in
aqueous morpholine prior to mechanical fibrillation. The study showed that the swelling pro-
cess facilitated the fibrillation process, without affecting the cellulose crystallinity or the surface
functionality. Switchable ionic liquids (Berglund et al., 2017) and deep eutectic liquids (Sirviö,
2018; Sirviö et al., 2015) have also been used with the aim of facilitating cellulose delamination
into CNF material.
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3.3 Impact of pre-treatments on energy demand
The major objectives to using the different pre-treatment processes highlighted in Section 3.2.3
were to reduce the energy demand in CNF production and to reduce the processing down time
that is caused by the clogging of the processing chambers by large cellulose fibres (Jonoobi et al.,
2015; Nechyporchuk et al., 2016; Li et al., 2013). Life cycle analysis (LCA) is used to evaluate the
total impact of the different stages of preparation of a material on the environment. LCA can
be carried out from source extraction to the finished product (cradle to gate) or from source
extraction to the end of use (cradle to grave) (Li et al., 2013). Cradle to gate LCA was conducted
for CNF prepared using different pre-treatments processes (Li et al., 2013; Arvidsson et al., 2015).
Surprisingly, a cradle to gate LCA revealed that the carboxymethylation pre-treatment pro-
cess has the highest cumulative energy demand in comparison to TEMPO-mediated oxidation,
enzymatic pre-treatment and to solely mechanical processes (Li et al., 2013; Arvidsson et al.,
2015). The greatest source of energy demand is the amount of ethanol, isopropanol and meth-
anol that is used during carboxymethylation. Moreover, these solvents, when mixed together,
are difficult to recycle and reuse because of their similar boiling points (Arvidsson et al., 2015).
This high overall energy demand defeats the original purpose of the pre-treatment process,
which is to reduce energy consumption.
The LCA study suggested pathways to further research into ways to recycle the solvents or
reduce the amount of solvents used. In view of this suggestion, a recent study by Im et al., 2018a
investigated the optimisation of the carboxymethylation process for CNF production with the
aim of reducing the amount of solvents used. The study showed that there was no significant
effect on the amount of carboxymethyl groups when the solvent exchange step from water to
ethanol was omitted. In addition, isopropanol can be used alone without methanol, still yielding
similar amounts of carboxymethyl groups. This study provides a cost-saving process for CNF
production using carboxymethylation process, which should be explored further.
The TEMPO-mediated oxidation of cellulose has become one of the more popular methods
of CNF production. This is mainly because of the ease of preparation and the formation of trans-
parent gel-like materials which have many potential applications in food packaging, nanofillers
in composites and various drug delivery purposes. LCA applied to TEMPO-mediated oxidation
shows a lower energy demand when compared to the carboxymethylation process. However,
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it should be noted that the cost and impact of TEMPO was not included in the LCA profile
as there was no data on the chemical. It should also be noted that TEMPO is not a low-cost
catalyst, a downside to the commercialisation of this pre-treatment process. Kuutti et al., 2016
investigated the possible recovery and reuse of TEMPO and NaClO from the reaction mixture
using electrolysis and solid phase extraction, in order to reduce the associated processing costs.
Further investigations are still needed to ensure that such additional recycling processes do not
turn out to be more energy demanding than using fresh chemicals.
Enzymatic hydrolysis appears to be the least energy demanding pre-treatment process of all
the processes that have been investigated in the cradle to gate LCA. This is mainly because of
the potential to reduce costs and produce other useful sustainable chemicals by integrating a
biorefinery, to harness the sugar residues from the enzymatic hydrolysis and convert them to
bio-ethanol, as demonstrated by Zhu et al., 2011. Generally, the integration of the production
of other valuable chemicals with nanocellulose processing can effectively reduce the cost of
producing nanocellulose. This has been commercially demonstrated by American Process
Incorporation (Nelson and Retsina, 2014; Nelson et al., 2016), who use a mixture of sulphur
dioxide and ethanol to delignify wood pulp. This process produces CNC, CNF and a mixture of
both. The dissolved sugars are fermented for bioethanol production (Nelson and Retsina, 2014).
There are no available LCA on CNF that were prepared using swelling agent pre-treatment.
However, Carrillo et al. (2014) reported a respective 32 % and 30 % reduction in energy con-
sumption when urea and EDA microemulsions were used for CNF production in comparison
to aqueous solutions of the chemical agents. These results are only indicative. Flaws in the
calculation of the energy consumption was pointed out by Onyianta et al., 2018a. In addition, it
should be noted that there are no standard methods for the calculation of the energy demand.
However, the equation provided by Ankerfors, 2012, as shown in Equation 3.1, relates the en-
ergy consumption to the pressure drop when using a high shear processor. Since most of the
mechanical processing reported in the literature make mention of the processing conditions,
the energy demand can then be compared across various methods of CNF production.
1
ρ
× ((p2−p1)+wpump ) (3.1)
Here, ρ is the density of the dispersion, p2 is the atmospheric pressure, p1 is the processing
pressure and wpump is the work performed.
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3.4 Major techniques for characterisation of CNF
In addition to the optimisation of nanocellulose production processes, there is a need for an
effective characterisation of material properties to ensure the production of materials with good
quality and high reproducibility. The different methods of preparation of CNF, discussed in the
previous sections, result in CNF with different materials properties. These changes in material
properties occur because of the variations in the sources of starting material, experimental con-
ditions and type/degree of mechanical treatment. These variabilities in methods of preparation
and sources, which yield uniquely different CNF materials can be optimised to meet a specific
application or purpose. Therefore, there is a need for comprehensive and thorough character-
isations of CNF materials (Kangas et al., 2014; Desmaisons et al., 2017). If CNF materials are
to be produced on a commercial scale, there has to be an established standard(s) of quality
testing. For this purpose, in-situ (inline) continuous process characterisation techniques would
be preferred.
Currently, there is no single method for the characterisation of CNF. Property analysis
depends on the use of various instruments and experimental techniques. Furthermore, most
of the characterisation methods are still carried out in batches and are liable to give batch to
batch sample variations (Desmaisons et al., 2017). The lack of testing standards coupled with
processing variations makes it somewhat difficult to compare results. Recently, Desmaisons
et al., 2017 proposed the use of a quality index (QI) for the benchmarking of different CNF
materials. The study selected eight tests and four simplified tests that were expected to provide
the low-cost, convenience and quick results that are desired in industry. These methods, as
proposed by Desmaisons et al., 2017, include fractionation by gravitation, transmittance at 550
nm, turbidity, Brookfield viscometry, optical microscopy, mechanical testing of the nanopaper
(using tensile tests, tear resistance of the nanopaper, and porosity of the nanopaper). The
simplified four methods included nanosize fractionation, turbidity, Young modulus evaluation
and macro-size tests, providing rapid, good quality index analysis.
The proposed QI approach was pointed out by the authors to be truly valid for enzymatically
pre-treated CNF materials that do not have surface ionic charges. It should be noted that the
presence or absence of charged groups vaguely divides CNF into two groups (charged CNF
and uncharged CNF) and this significantly affects the overall behaviour of the CNF in aqueous
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suspensions. The major methods of characterisation of CNF materials that are generally quoted
in the scientific literature include surface chemistry analysis, crystallinity studies, thermosta-
bility, rheometry, tensile tests, morphology (SEM, TEM and atomic force microscopy (AFM))
and aspect ratio measurements. Other methods of characterisation such as turbidity and trans-
parency measurements, which are used to monitor the degree of fibrillation of CNF materials,
are not reviewed herein. The discussions in the following subsections centre on CNF feedstock
characterisation, essentially on the effects of pre-treatments and processing conditions on the
properties of the resulting CNF materials. It should be noted that these property characterisation
methods can also be used when studying CNF composite materials.
3.4.1 Surface chemistry characterisation
The hydroxyl groups on cellulose make it a very reactive material, offering sites for surface
modification and grafting. Depending on the method of cellulose pulp extraction and on the
amount of residual hemicellulose, the surface of the cellulose starting material can possess a
lesser number of carboxyl groups (Pääkko et al., 2007). Therefore, the total surface charge on
cellulose is often measured before and after any form of pre-treatment or post-treatment to
ascertain the degree of substitution or grafting. This is usually determined by zeta potential
measurements and by conductometric or polyelectrolyte titration (Pääkko et al., 2007; Wågberg
et al., 2008; Kangas et al., 2014). Table 3.1 shows the general surface properties that identifies
and distinguishes one CNF from another, based on the type of pre-treatment used. Mechanical,
enzymatic and morpholine pre-treatment processes do not modify the surface of cellulose.
Increases in the number of anionic surface groups are typically identified by higher zeta
potential and titrimetric values. This can be seen in Table 3.1 for carboxymethylation, TEMPO-
mediated oxidation, periodate-chlorite oxidation and quaternisation. The change in surface
properties can be used to follow the evolution of other CNF properties, such as transparency and
rheological properties. Benhamou et al., 2014 studied the control of rheological properties and
size of TEMPO-mediated oxidised CNF by varying the oxidation time. Variations in the oxidation
time gave rise to CNFs with different surface charges, and related differences in viscoelastic
response and dimensions.
Another useful tool for monitoring the changes in the surface chemistry of cellulose, upon
pre-treatment, is Fourier-transformed infrared spectroscopy (FTIR). As shown in Table 3.1, the
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chemical functionality of cellulose is not affected by mechanical, enzymatic or morpholine
pre-treatments. Other pre-treatments listed in Table 3.1 however, cause the appearance of
certain peaks that are typical of the functional groups that have been substituted. For example,
carboxymethylated CNF in its sodium form absorbs at around 1592-1593 cm−1 (Rani et al., 2014)
while the sodium form of TEMPO-oxidised CNF absorbs around 1603-1604 cm−1.
Table 3.1: Surface properties CNFs prepared using different types of pre-treatments
Type of pre-treatment
Conductometric
titration (µmol/g)
Zeta potential
(mV)
FTIR (cm−1)
None
30-44 (Pääkko et al.,
2007; Onyianta et al.,
2018a)
- -
Mechanical -
-8.1 to -8.3 (Taipale
et al., 2010)
-
Morpholine
37 (Onyianta et al.,
2018a)
- -
Enzymatic hydrolysis 44 (Fall et al., 2011) - -
Carboxymethylation
515-610 (Wågberg
et al., 2008; Siró and
Plackett, 2010; Naderi,
2017)
-16 (Taipale et al.,
2010)
1592-1603
(Eyholzer et al.,
2010; Onyianta
et al., 2018a)
TEMPO
Up to 1800 (Fujisawa
et al., 2011; Tanaka
et al., 2014; Sun et al.,
2015)
-42 to -80 (Okita
et al., 2010; Tanaka
et al., 2014; Sun
et al., 2015)
Periodate-chlorite
Up to 3500
(Liimatainen et al.,
2012; Tejado et al.,
2012)
-
1620-1735
(Liimatainen et al.,
2012)
Quaternisation
Up to 2300 (Pei et al.,
2013)
-
1480 (Pei et al.,
2013)
3.4.2 Crystallinity Index
Crystallinity index measurements have been used to monitor the effects of different forms
of pre-treatment and mechanical processing on the crystalline structure of cellulose. Such
measurements can be carried out using either x-ray diffraction (XRD), FTIR, 13C CP-MAS NMR
or Raman spectroscopy (Foster et al., 2018; Jonoobi et al., 2015). By far the most used technique is
XRD, probably because of the ease of calculation of crystallinity index using the method provided
by Segal et al., 1959. Upon collecting the spectral data, the peak intensities representing the
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crystalline diffraction peak (2θ = 22.5◦) and the amorphous diffraction peak (2θ =18◦) are used
to calculate the crystallinity index, as shown in Equation 3.2.
Cr I = ( I200− Iam
I200
)∗100 (3.2)
Here I200 is the maximum intensity at 2θ = 22.5◦, corresponding to the (200) diffraction lattice.
Iam is the intensity of the amorphous region with diffraction angle of 2θ =18◦ at (200) lattice.
Slight variations in crystallinity indices are detected when using different instruments. For
example, crystallinity indices of non-pretreated CNF are shown to be slightly higher from FTIR
measurements than from XRD (Taheri and Samyn, 2016). On the other hand, crystallinity
indices from Raman spectroscopy yielded lower values than those from XRD (Qing et al., 2013).
Table 3.2 shows the crystallinity indices of some original samples, after pre-treatments and the
crystallinity index of the resulting CNF after pre-treatment and mechanical processing.
A clear observation is the variation of crystallinity indices of CNF with respect to the starting
material and to the processing conditions. Mechanical pre-treatments (such as refining and
beating) and mechanical processing (such as homogenisation, high shear processing and sonic-
ation) result in a reduction of crystallinity indices of the resulting CNFs (Qing et al., 2013; Taheri
and Samyn, 2016). An example is the reduction of the crystallinity index of non-pretreated
CNF from 71.5 % to 62 % when the number of passes was increased from 25 to 40 through the
high shear processor. This increase can be attributed to the shearing force imparted on the
cellulose by the mechanical processor. This brings about a non-selective degradation of both
the amorphous region and the crystalline regions (Eyholzer et al., 2010; Qing et al., 2013; Taheri
and Samyn, 2016).
Chemical purification processes, such as bleaching, remove residual lignin and hemicel-
lulose, thereby causing an increase in the cystallinity index, as shown for the wood pulp and
rice straw samples in Table 3.2 (Chen et al., 2011). Likewise, the study by Qing et al., 2013 shows
that enzymatic hydrolysis pre-treatments, which remove the amorphous regions of cellulose,
result in an increase in the crystallinity index of the cellulose starting material. However, a
reduction in the crystallinity index occurs with CNF after subsequent high shear processing.
Chemical pre-treatment processes (such as carboxymethylation, TEMPO-mediated oxidation
and quaternisation) result in a decrease in the crystallinity index of the cellulose material. This
decrease is amplified using mechanical processing methods, as shown in Table 3.2. The carboxy-
methylation reaction process is non-regioselective and can access the hydroxyl groups on the
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C-2, C-3 and C-6 in both the amorphous regions and crystalline regions. Hence, the reduction
in the crystallinity index.
Table 3.2: Some crystallinity indices of CNF from XRD measurements
Cellulose
source
Crystallinity Index (%)
References
Original After pre-treatment
After pre-treatment and
mechanical processing
Wood pulp 60
-
(Mechanical)
43
(Iwamoto et al.,
2007)
Wood pulp 55
47
(Mechanical)
44 (Qing et al., 2013)
Wood pulp 56
73.2
(Chemical bleaching)
71
(Chen et al., 2011)
Rice straw 50.9
63.8
(Chemical bleaching)
63.4
Wood pulp 55.1
-
(Morpholine)
48.1
(Onyianta et al.,
2018a)
Wood pulp 55 60
(Mechanical & enzyme)
57 (Qing et al., 2013)
Wood pulp 71
63
(Carboxymethylation)
49
(Eyholzer et al.,
2010)
Wood pulp 55.1
-
(Carboxymethylation)
36
(Onyianta et al.,
2018a)
Wood pulp 55.1
-
(TEMPO)
39.7
(Onyianta et al.,
2018a)
Wood pulp 55
-
(TEMPO)
34 (Qing et al., 2013)
Palm tree 72
-
(TEMPO)
58
(Benhamou et al.,
2014)
Wood pulp 65
38
(Quaternisation)
30
(Liimatainen et al.,
2014)
TEMPO-mediated oxidation is regioselective and can only oxidise the C-6 hydroxyl group
on cellulose. However, at greater degrees of oxidation and mechanical shearing, the crystallinity
index of the resulting CNF can be negatively impacted (Qing et al., 2013). It is highly desired
that the processing conditions used for CNF production do not negatively affect the crystallinity
index of the material. This is because the crystallinity index of a CNF material directly relates
to other CNF properties such as its thermal behaviour. Therefore, CNF materials with greater
crystallinity indices would also be expected to be more thermally stable.
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3.4.3 Thermal properties
An assessment of the thermal integrity of CNF materials is essential if one is to assess the effect of
processing conditions. It also gives information on the stability of the CNF when used in the melt
processing of thermoplastics for composite formulations (Qua et al., 2011). Thermogravimetric
analysis (TGA) is widely used for monitoring the changes in the thermal stability of CNF upon
pre-treatments and mechanical processing. Differential scanning calorimetry (DSC) has also
been used (Yu et al., 2014). During TGA testing, the sample is heated up to high temperatures at
a constant heating rate. The weight loss of the material is monitored as a thermogravimetric
curve. The onset and peak degradation temperatures of the material can be obtained from the
thermogravimetric curve or its derivative, known as the derivative thermogravimetric (DTG)
curve. The onset degradation temperature of cellulose pulp is usually around 200 ◦C, with peak
degradation occurring between 300-360 ◦C (Chen et al., 2011; Jonoobi et al., 2015; Onyianta
et al., 2018a).
The mechanical processing of cellulose pulp into nanofibrils does not impact negatively
on the thermal properties of the resulting CNF (Eyholzer et al., 2010; Chen et al., 2011). For
example, the peak degradation temperature for ultrasonic fibrillated CNF before fibrillation
and after fibrillation was 331◦C and 332.9 ◦C respectively (Chen et al., 2011). However, a 12%
(Onyianta et al., 2018a) and 13 % (Eyholzer et al., 2010) reductions in the peak degradation
temperature were seen with CNF materials that were prepared by carboxymethylation pre-
treatment followed by high shear processing. This finding is in line with a reduction in the
crystallinity index for the same type of material. For TEMPO-mediated oxidised CNF, two peak
degradation temperatures are observed, both of which are usually much lower than that of
the cellulose starting material. The first peak degradation, which occurs around 230-250 ◦C, is
attributed to the presence of sodium anhydroglucuronate units on the surface of the oxidised
cellulose. This behaviour is responsible for the early degradation of TEMPO-mediated oxidised
CNF (Lavoine et al., 2016). The rest of the TEMPO-mediated oxidised CNF chains degrade at
around 300 ◦C. The heat-induced ionic coupling of amine terminated PEG has been studied and
optimised for the improvement of thermal stability of TEMPO-mediated oxidised CNF (Lavoine
et al., 2016; Lavoine et al., 2017).
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3.4.4 Rheological Properties
Assessment of the flow and deformation behaviour of aqueous suspensions of CNF gives valu-
able information concerning the possible behaviour of the CNF when squeezed, rubbed and
spread during application (Lasseuguette et al., 2008; Nechyporchuk et al., 2014; Nechyporchuk
et al., 2016). Microstructural changes to CNF aqueous suspensions are probed within the linear
viscoelastic region (LVR) during viscoelastic measurements, (oscillatory strain/stress sweeps
and frequency sweeps). The LVR is the region where the viscous and elastic properties of a
material is independent of the degree of deformation imposed (Barnes, 2000; Goodwin and
Hughes, 2008). During oscillatory strain/stress sweeps, the storage modulus (G’) and the loss
modulus (G"), which give the respective elastic and viscous components of the CNF at any given
frequency, is monitored as the strain/stress is increased. The region where both moduli are
linear is equivalent to the LVR (Barnes, 2000; Goodwin and Hughes, 2008). A decline in the
moduli upon exceeding the critical strain/stress indicate an onset of nonlinear response and a
deformed CNF material (Nechyporchuk et al., 2016).
In addition, shear flow measurements are usually carried out to investigate the non-linear
flow behaviour of CNF materials. During this test, the change in viscosity of CNF is monitored
with increase in the shear rate/shear stress (Nechyporchuk et al., 2016). Aqueous suspensions of
CNF are known to possess shear thinning property (decrease in viscosity with increase in shear
rate) and thixotropic properties (decrease in viscosity at fixed shear rate over time) (Dufresne,
2012). CNF suspensions are typically tested for their viscosity response within 0.1 to 1000 s−1. At
low shear rates, a high viscosity is observed. However, with the increase in shear rate, enough to
break down fibrillar entanglements and associated forces, a reduction in viscosity is observed.
As a result of these properties, it is difficult to quote a viscosity value at any shear rate for CNF,
as with other non-Newtonian fluids whose viscosities are shear rate dependent (Goodwin and
Hughes, 2008). Shear flow measurements are required in applications that involve pumping of
suspensions (Vadodaria et al., 2018).
In order to acquire reliable data from the analytical measurements, certain precautions have
to be taken. It has been deemed essential to include a pre-shear regime, which is anticipated to
clear the shear history of the suspension under test and to ensure that more reliable data are
provided (Naderi and Lindström, 2015; Pääkkönen et al., 2016). The use of serrated geometries
on the rheometer, rather than smooth geometries has been reported to give more reliable data,
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and as a way of avoiding wall slip. Wall slip occurs when the fibre particles in the suspension
deplete around the wall of the geometry, giving rise to a lower rheological data value (Nechy-
porchuk et al., 2016; Vadodaria et al., 2018). As a result of the high shear rate imposed upon
particulate systems such as CNF aqueous dispersions, wall slip becomes apparent in shear flow
measurements compared to linear viscoelastic measurements (Vadodaria et al., 2018).
Depending on the method of preparation and on the properties, aqueous CNF suspensions
beyond the critical percentage loading behave as a gel-like material, having higher G’ than G”,
being almost independent of applied frequency (Nechyporchuk et al., 2016). Gel-like and elastic
nature of CNF aqueous suspensions result from the amalgamation of repulsive forces, attractive
forces and fibril entanglements present in the aqueous suspension. Therefore, by introducing
charged groups, varying the amount of charged groups, varying the degree of fibrillation and
varying the CNF solid content, the rheological response of CNF suspensions can be varied. To
illustrate this, Benhamou et al., 2014 studied the effect of the oxidation time on G’ for TEMPO-
mediated oxidised CNF materials that were subjected to the same degree of fibrillation. The
authors reported an increase in G’ as the degree of oxidation was increased to an optimum value,
before a decline in G’ was observed. This effect was attributed to the shorter lengths of the highly
oxidised CNF, which had reduced fibrillar entanglements.
In addition, it has been shown that increasing the loading of TEMPO-mediated oxidised CNF
from 0.4 to 1 wt. % resulted in an increase in G’ (Benhamou et al., 2014). Similar trends have been
observed for carboxymethylated CNF when the percentage loading was increased from 0.3 to
2.6 wt. % (Naderi and Lindström, 2014). This increase in G’ with increase in loading can also be
seen in Figure 3.9 for enzymatically hydrolysed CNF suspensions when increased from 0.125 to
5.9 wt. % (Pääkko et al., 2007). As with the viscoelastic properties, increase in percentage loading
of CNF in aqueous suspensions also result in viscosity increase (Nechyporchuk et al., 2016).
CNF suspensions are widely believed to follow power law behaviour, G ′ ∼ cα, which relates G’
to percentage loading (c). The values of the exponent (α) has been shown to be between 2 and
5.2, depending on the type of CNF material (Pääkko et al., 2007; Naderi and Lindström, 2014;
Nechyporchuk et al., 2016).
The effect of the degree of fibrillation on the rheological properties of CNF materials depends
on the cellulose source, the type of pre-treatment, the degree of pre-treatment and the degree of
mechanical processing. Shogren et al., 2011 showed that there was an increase in the storage
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modulus and the viscosity of CNF suspensions prepared from corn cobs, without any pre-
treatment, for up to 2 passes through the high pressure homogeniser. Further increases in the
number of passes, however, led to a reduction in moduli and viscosity. However, an increase in
the rheological data with increase in degree of fibrillation was seen with CNFs prepared from
wood pulp, without any pre-treatment (Taheri and Samyn, 2016) and by TEMPO-mediated
oxidation (Besbes et al., 2011). This reduction in rheological data for CNFs from corn cobs was
attributed to the loose pattern in which the cellulose is wound in the cell wall of corn cobs
compared to wood pulp.
Figure 3.9: Effect of CNF loading on the G’ of enzyme hydrolysed CNF
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3.4.5 Mechanical properties from tensile testing
The tensile testing of CNF materials is carried out to determine the tensile modulus, tensile
strength and strain-at-break. This is a complementary test to those rheological assessments
that probe the macroscopic response from the micromechanical structure of the materials in
liquid suspensions (Foster et al., 2018). Tensile testing is usually carried out on CNF films using
a Universal testing machine. Prior to test, the films are conditioned to fixed temperature and
humidity conditions before being stretched using a load cell at a constant speed rate (Qing
et al., 2013). The force displacement data obtained from the instrument are then converted
to stress-strain data. The slope of the linear region of the stress vs strain plot gives the tensile
modulus. The tensile properties of some neat CNF materials obtained from different pre-
treatment processes are presented in Table 3.3.
Table 3.3: Compilation of tensile properties of CNF films obtained from different pre-
treatment
Type of CNF
Tensile
Modulus (GPa)
Tensile
strength (MPa)
Strain-at-break
(%)
References
TEMPO-oxidised
6.6 236 8.9
(Sun et al.,
2015)
10 300 ca. 8.0
(Shimizu et al.,
2014)
9.4 247 6.7
(Fujisawa et al.,
2012)
9.9 290 8.3
(Shimizu et al.,
2013)
9.8 266 8.9
(Fukuzumi
et al., 2013)
Carboxymethylated
7.1 280 -
(Siró et al.,
2011)
13.2 214 10.1
(Henriksson
et al., 2008)
Enzyme hydrolysed
13.5 120 2.5
(Qing et al.,
2013)
10.5 181 7.4
(Henriksson
et al., 2008)
Solely
mechanically
fibrillated
8.5 153 10.5
(Qing et al.,
2013)
From the data presented in Table 3.3, it appears that the tensile strength of surface modified
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CNFs are greater than the enzyme hydrolysed and the solely mechanically fibrillated CNFs.
However, the tensile modulus of CNF in general is between 6 and 14 GPa while the tensile
strength is between 100 and 300 MPa. The high strength of CNF along with their good oxygen
barrier properties means CNF shows great potential as packaging materials (Ferrer et al., 2017).
3.4.6 Morphological assessment
Assessment of the morphology of cellulose fibres is crucial to determining the nature of the
cellulose starting material, to probe the degree of fibrillation and the dimensions of the resulting
cellulose nanofibrils. Morphological assessments are usually carried out using microscopic
methods, such as optical microscopy (OM), field emission scanning electron microscopy (FE-
SEM), TEM and AFM. OM, FE-SEM and TEM vary in the image resolution and the type of beam
source provided, whether photons or electron (Jonoobi et al., 2015).
On a microscopic scale, optical microscopes can be used to assess quickly the evolution of
fibre dimensions as the degree of mechanical processing increases. Siró et al., 2011 used optical
microscopy to monitor the influence of the increased number of passes through the high shear
processor on carboxymethylated CNF. They observed a reduction in fibre dimensions between
the first pass sample and the fifth pass sample. Likewise, Shogren et al., 2011 monitored the
evolution of fibril dimensions of homogenised corn cobs, prepared without any pre-treatment,
as the number of passes increased. After 3 passes through the homogeniser, the large fibres that
were present in the original corn cob pulp were no longer identifiable on the optical micrograph
of the processed equivalents.
Most CNF materials that are produced via routes that do not attach any ionic groups usually
have residual microscale fibres that are recalcitrant to mechanical processing. These fibres
can be identified from optical micrographs. Fibrils under 1 µm may not be visible under light
microscopy but appear as a pink or blue shade when stained with Congo Red or methylene blue
dye. The image resolution of light microscope is not enough to view and measure the dimensions
of the nanofibrils. Nevertheless, the new QI for the standardisation of CNF recommends the use
of light microscopy to evaluate the microscale cellulose (Desmaisons et al., 2017).
Higher resolution images that are capable of probing the nanoscale CNF include FE-SEM,
TEM and AFM (Chinga-Carrasco et al., 2011; Wang et al., 2012; Kangas et al., 2014). Since FE-
SEM gives lower resolutions compared to TEM and AFM, it is used to monitor the morphological
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changes that occur during fibrillation, as shown by Wang et al., 2012 for mechanically fibrillated
CNF. There has been some concern regarding operator bias when using highly resolved micro-
scopic methods for morphological assessments (Kangas et al., 2014; Desmaisons et al., 2017).
This effect is further aggravated by the reduction in the field of view when trying to zoom and
assess nanoscale proportions. Therefore, it has been suggested that measurements should be
carried out over various magnifications when ascertaining the overall morphology of the CNF
materials under study (Kangas et al., 2014).
Measurements of CNF widths can be made from the acquired micrographs using appropriate
image analysis software. A summary of the widths of CNF from different sources and processing
conditions is listed in Table 3.4. It should be noted that for a sample, the widths can vary
depending on the instrument used to acquire the micrograph. For example, FE-SEM images
tend to give larger widths than those from TEM and AFM and is attributed to the lower resolution
of FE-SEM (Dufresne, 2012).
Table 3.4: Examples of cellulose nanofibrils widths, adapted from Dufresne, 2012
Cellulose Source Pre-treatment
Mechanical
treatment
Width (nm)
Corn cobs
None
High pressure
homogenisation
5-60
Sisal 52
Sugarcane bagasse 30
Sulphite wood pulp 10-100
Wheat straw Cryocrushing 10-80
Cotton Grinding 10-90
Bamboo
High intensity
ultrasonication
10-40
Bleached Kraft
eucalyptus pulp Enzyme
High pressure
homogenisation
20
Bleached sulphite
pulp
5-20
Sulphite wood pulp
Carboxymethyla-
tion
5-15
Bleached sulphite
pulp
TEMPO-oxidation
3-5
Cotton 3-5
Tunicin 3-20
The measurement of lengths becomes problematic because of the presence of intercon-
nected/entangled cellulose nanofibrils (Dufresne, 2012). Chinga-Carrasco et al., 2011 have
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suggested a method for the measurement of fibril lengths by stitching up adjacent images and
measuring effective path lengths. However, this method is quite tedious and laborious. The
lengths of highly oxidised CNF at very low loadings have been determined by TEM imaging
(Benhamou et al., 2014; Tanaka et al., 2014). However, for most of the CNF samples represented
in Figure 3.10, interconnectivity of the fibrils persists even at very low loadings. Hence, an
indirect method of estimating the length from aspect ratios (length/width), is required.
A B C
Figure 3.10: TEM images of (A) un-pretreated CNF, scale bar of 1 µm (Taheri and Samyn,
2016), (B) carboxymethylated CNF, scale bar of 0.5µm (Wågberg et al., 2008)and (C) TEMPO-
mediated oxidised CNF (Saito et al., 2006b)
3.4.7 Aspect ratio determination by sedimentation and rheological
measurements of dilute suspensions of CNF
The aspect ratio of CNFs can be used indirectly to indicate the length of the CNF material. This
subsequently informs one about any reinforcing potential. This is because a higher aspect ratio
CNF is expected to be more efficient in stress transfer within composite material (Eichhorn,
2006; Rusli et al., 2011). In addition, rudimentary aspect ratio determinations by sedimentation
has been suggested as a method of monitoring the CNF quality (Raj et al., 2016). Sedimentation
and rheological measurements are two methods that are used indirectly to estimate the aspect
ratios of CNFs. These are discussed in the following subsections.
3.4.7.1 Sedimentation
Depending on the degree of fibrillation and the presence/absence of surface charges, aqueous
suspensions of CNF, at critical loadings, are prone to sedimentation. This is mainly because
of the attractive forces on the surface of cellulose. Sedimentation has been used as a quick
guide to evaluate the degree of fibrillation of CNF and as a probe of the length of fibrils (Zhang
et al., 2012; Raj et al., 2016). Sedimentation theory is based on the propensity of particles in a
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suspension to adopt either a dilute, semi-dilute or concentrated state as represented in Figure
3.11, depending on the amount (Varanasi et al., 2013). The boundary between the dilute region
and semi-dilute region is known as the connectivity thresholdΦc , while the boundary between
the semi-dilute and the concentrated region is known as the rigidity thresholdΦr , whereΦ is
the volume fraction of the particles.
Dilute
Semi-dilute
Concentrated
Connectivity threshold (𝚽𝒄)
Rigidity threshold (𝚽𝒓)
Figure 3.11: Sedimentation scheme showing the dilute, semi-dilute and concentrated re-
gions in particulate systems
The connectivity threshold, in wt. %, can be determined experimentally by dispersing
various wt. % loadings of CNF in a medium (usually water or salt solution). Upon sedimentation,
the height of the sediment and the total height of the dispersion are measured. The plot of
concentration (wt. %) against the relative sediment height ( hsh0 ) is fitted with the quadratic
equation (ax2+bx), where the linear fit parameter b, is equal to the connectivity threshold
(Zhang et al., 2012; Raj et al., 2016). The volume fraction can be derived from the solids fraction
using Equation 3.3, whenΦ¿ 1, Equation 3.3 can be reduced to Equation 3.4.
C = ρ f Φ/(ρ f Φ+ρl (1−Φ)) (3.3)
Φ=C (ρl /ρ f ) (3.4)
Where ρl is the density of liquid, ρ f is density of fibre, C is solids fraction (kg of fibre/kg of
suspension)
The aspect ratio (A, length/diameter) of CNF can then be determined from either the
connectivity threshold or the rigidity threshold using the effective medium theory (EMT) or
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the semi-empirical crowding number (CN) using the relationships given in equation 3.5 – 3.8
(Varanasi et al., 2013). Aspect ratios obtained from CN are greater than those from EMT when the
connectivity threshold in volume fraction is greater than 2.45 x 10−4 (Onyianta et al., 2018a). The
aspect ratio of bleached eucalyptus kraft pulp, after refining and different degrees of fibrillation
using a high pressure homogeniser, is within 73-236 using EMT and 89-245 using CN (Raj et al.,
2016).
A = 2.52Φ−0.58c (E MT ) (3.5)
A = 4.90Φ−0.5c (C N ) (3.6)
A = 5.64Φ−0.58r (E MT ) (3.7)
A = 9.49Φ−0.5r (C N ) (3.8)
The colloidal theory of Derjaguin, Landau, Vervey, and Overbeek (DLVO), Equation 3.9 shows
that the total potential energy (VT ) acting upon a material is the sum of all attractive forces (VA)
and all repulsive forces (VR ) (Boluk et al., 2011). However, when the cellulose hydroxyl groups
are substituted with negatively or positively charged groups, the electrostatic repulsion brought
about by these charged groups overwhelm the attractive forces. The result is a stable dispersion
that is not susceptible to sedimentation.
VT =VA+VR (3.9)
The presence of even a small amount of surface charge gives rise to unreliable sedimentation
data, as pointed out by Raj et al., 2016. Therefore, is it important to screen the charges using
aqueous salt solutions (NaCl or CaCl2) to allow for proper sedimentation of fibrils (Raj et al.,
2016). Taking advantage of the screening effect of the salt on charged CNFs, Onyianta et al.,
2018a estimated the CN aspect ratios of carboxymethylated and TEMPO-oxidised CNFs to be
229 and 400 respectively. The aspect ratio for the TEMPO-mediated oxidised CNF falls within
the range of 310-623 as estimated from shear viscosity measurements and microscopic image
measurements (Tanaka et al., 2014). Furthermore, the estimation of aspect ratios of charged
CNF using sedimentation has been adopted by Im et al., 2018b to study carboxymethylated
CNFs prepared under different conditions.
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3.4.7.2 Rheological measurements
Aspect ratios of non-pretreated CNF have been estimated from yield stress measurements of
semi-dilute and concentrated suspensions (Varanasi et al., 2013). The maximum stress sustained
by CNF suspensions under a continuous strain is equivalent to the yield stress. This is usually
obtained from torque vs time experiments using the peak torque value (Varanasi et al., 2013;
Mosse et al., 2012). The connectivity threshold can be obtained by fitting the plot of yield stress
vs concentration. This is then inputted into the EMT and CN equations to obtain the aspect ratio
of the CNF under study. The CN aspect ratios measured from yield stress studies was 121 for
the CNF studied, while that measured from sedimentation was 125, showing good correlation
between the two methods (Varanasi et al., 2013).
Ishii et al., 2011 have estimated the length of TEMPO-mediated oxidised CNF from vis-
coelastic measurements by applying the theory of the linear viscoelasticity of semi-flexible
rod-like polymer chains (Equation 3.10). Using this method and correcting for electroviscous
effects from the anionic charges, an aspect ratio of 3000 was obtained for a length of 12 µm
and width of 4 nm CNF. This value is 10 times larger than the values obtained from TEM im-
age analysis. This was attributed by Tanaka et al., 2014 as overestimation, resulting from the
aggregation of fibrils at the loadings studied (0.02 w/v %). The authors suggested using dilute
CNF suspensions that could be measured by shear viscometry. The same authors subsequently
claimed that a loading of 0.055 w/v % is considered to be dilute and the effect of charged groups
negligible. Clearly, 0.055 w/v % is more loaded than the 0.02 w/v % loading used by Ishii et al.,
2011. However, the average length of TEMPO-mediated oxidised CNF from shear viscosity
measurements was approximately 3 times greater than those from microscopic images.
τ= 1
6Dr
= piηsL
3
18kB [ln(
L
d )−0.8]
(3.10)
Here, τ is the maximum relaxation time, Dr is the rotational diffusion constant, d is the diameter
of the rod-like particle, T is the absolute temperature, kB is the solvent viscosity, and kB is the
Boltzmann constant.
It should be noted that the data acquired from both viscoelastic and shear viscosity methods
use the same equation for the theory of semi-flexible rod-like particles, given in Equation
3.10. The longest relaxation time was calculated using the angular frequency at the G’ vs G”
crossover for the viscoelastic measurements. The inverse of the critical strain (strain values
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at the beginning of shear thinning) was used for the calculation of τ in the shear viscosity
measurements. It is worth noting that at the crossover point, the material has well exceeded
the linear viscoelastic region (Barnes et al., 1989). Therefore, the theory of linear viscoelasticity
may not be applied. The critical strain approach used by Tanaka et al., 2014 appears to be
more representative of the CNF response in linear region and may explain the closeness of the
viscosity length values obtained, when compared to those from TEM measurements.
In summary, the properties of CNF materials can differ greatly depending on the source
of the cellulose, the extraction method employed, the type/degree of pre-treatments or lack
thereof, the degree of mechanical processing and the types of analytical instruments used.
Although these variables pose a significant challenge when trying to compare literature results,
the same attributes can be used to engineer materials that may be suited to specific applications.
However, for CNF, and indeed other nanomaterials, to be widely commercialised and applied in
various fields, there is a need to overcome these challenges, some of which are discussed in the
following section.
3.5 Some of the challenges associated with the full-scale
commercialisation of cellulose nanomaterials
3.5.1 The cost of production
Nanomaterials of natural origin compared to those from fossils, inorganic and synthetic coun-
terparts, are more biocompatible, biodegradable and renewable (Joshi et al., 2004). In recent
times, most of the research efforts have been focused on bio-based materials. This is because
the use of natural materials can potentially mitigate the costs that are associated with the start-
ing materials because of their ubiquitous sources of extraction. Nanocellulose is one of the
bio-based nanomaterials with various sources of cellulose extraction, which provide potentials
for low cost products. However, the cost of mechanical deconstruction or build-up to produce
nanocellulose is still relatively high (Foster et al., 2018). Indeed, several pre-treatment processes
have been used to reduce the energy demand in CNF production as has been highlighted in
Section 3.2.3. However, some of these methods do not lead to low cost products after all.
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3.5.2 Low reproducibility and lack of standardised testing methods
Another challenge with nanocellulose research and production is the associated low yield
and low reproducibility. This is typical of BNC and CNC production processes (Klemm et
al., 2018). Moreover, there are currently no standard testing procedures that can be used to
monitor manufacturing processes inline easily, thereby, making quality assessments difficult. A
comprehensive review by leaders in nanocellulose research from various countries highlights
different routes that can be used to characterise nanocellulose, based on the source and the
type of nanocellulose (Foster et al., 2018). In addition, some sets of standard testing procedures
have been suggested for CNC (Reid et al., 2017) and CNF (Desmaisons et al., 2017) production.
However, these are yet to be accepted within the research field.
3.5.3 Concerns regarding toxicity issues
There has been perceived public concerns towards the use of nanomaterials especially in food
and drugs. These concerns arise from the lack of established human- and eco-toxicity studies
(Handy and Shaw, 2007). The toxicity of engineered nanomaterials depends on characteristics
such as size, shape, surface properties, dissolution and impurities. The tendency of the nano-
material to be absorbed on the cell membranes and the duration and concentration of exposure
are also factors (Tervonen et al., 2009; Stone et al., 2010; Klaessig et al., 2011).
Although low toxicity has been shown for nanocellulose, especially BNC, toxicological
assessments of nanocellulose are still not widely investigated. Foster et al., 2018 highlighted the
pathway to assessing the health and safety of nanocellulose under manufacturing conditions,
during use and post-use, and the effects on cells and genes. The method was designed to assess
risks associated with eye/skin contact as well as exposures through food, air and water-based
composition on the basis size of the particle (Foster et al., 2018). Most of the toxicological
analyses carried out on nanocellulose deal with cell toxicity. Both CNC and CNF are low toxic
materials but have been identified as showing pulmonary inflammation (Lin and Dufresne,
2014).
Reduction in cell viability were observed for TEMPO-mediated oxidised CNF crosslinked
with either poly(ethyleneimine) (PEI) or cetyl trimethylammonium bromide (CTAB). Such
reduction in cell viability was not seen for unmodified CNF (Alexandrescu et al., 2013). In
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another study by Hua et al., 2014, the cell viability of CNF produced from wood and algae
sources, using enzymatic procedures, TEMPO oxidation, carboxymethylation and cationisation
were examined. All of the CNFs from this study showed good cell viability above the 70 % allowed
cell viability level. The effects of these different pre-treatments are summarised in Table 3.5. A
more recent study of the immune and gene toxicity of TEMPO-mediated oxidised CNF indicates
that this type of nanofibre at 25 µg/cm2, induces low but significant DNA damage (Ventura et al.,
2018). The lack of consensus concerning the toxicity of CNF materials produced using different
methods raises some concerns regarding the use of nanocellulose in certain biologically related
applications and calls for further investigation.
Table 3.5: Summary of results on the cell viability of different CNF materials (Hua et al.,
2014)
Cellulose source Pre-treatment Surface charge Cell viability (%)
Algae
None None 109
TEMPO-oxidation Anionic 90
Trimethyalmmonium Cationic 103
Wood
Enzymatic hydrolysis None 91
Carboxymethylation Anionic 110
Trimethyalmmonium Cationic 82
Regardless of all these challenges, the nanomaterial and nanocellulose research fields are
continuously growing as shown, in Figure 3.3. While effort has been focused on reducing the cost
of the nanocellulose production process and the final products, others focus on the potential
applications of nanocellulose. Some of the research work in composite formulation using
nanocellulose and their potential applications are discussed in the next section.
3.6 Effects of nanocellulose materials in composites
Composites are multicomponent materials that are prepared with the overall arching aim of
harnessing the individual properties of the components to prepare a material that will result in
improved properties. When at least one of the components of the material possesses dimensions
in the nanoscale (1-100 nm), the material is regarded as being a nanocomposite (Siró and
Plackett, 2010). The material with the largest proportion is known as the matrix, while other
components in smaller proportions are known as additives and fillers. Glass fibres and cellulose
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fibres are well known fillers in composite formulations (Joshi et al., 2004). In these, cellulose
has the advantage of lower density over glass fibres. When nanoscale cellulose is used as fillers,
improvements in the material property can be seen at a loading that is as low as 5 wt. % (Siró and
Plackett, 2010). Although nanocellulose can act as polymer matrices, receiving guest particles
such as metals and metal oxides (Shaghaleh et al., 2018), this section will largely focus on
cellulose nanofibrils as fillers.
There are several factors that affect the ability of a filler to bring about profound improve-
ments in the properties of the matrix. These include the aspect ratio, the surface compatibility
(i.e., hydrophilic/hydrophobic or ionic/non-ionic), good dispersion/distribution and formula-
tion process (Schaefer and Justice, 2007). It has been shown that higher aspect ratio fillers are
more efficient as reinforcements as they are able to receive greater stress from the matrix than
low aspect ratio materials (Rusli et al., 2011). This is why CNF are preferred over CNC when used
as reinforcements in composite formulations. Xu et al., 2013 compared the reinforcing ability of
CNC and CNF on poly(ethylene oxide) (PEO). The study revealed that even though PEO/CNC
composites show greater strain-at-failure in comparison to PEO/CNF, the latter has the highest
strength and modulus because of the higher aspect ratio of CNF and fibril entanglements. Sim-
ilar increases in mechanical and thermal properties were reported for CNF, when compared to
CNC, when used as reinforcements in PCL (Siqueira et al., 2009).
The hydrophilic nature of nanocellulose restricts its use in hydrophobic polymeric materials.
The surface modification of nanocellulose is a typical approach to improving its dispersibility
and widening the spectrum of matrices that can be used in cellulose nanocomposite formulation
(Dufresne, 2012; Missoum et al., 2013; Eyley and Thielemans, 2014). Surface modification routes
include the adsorption of amphiphilic molecules/polymers or polyelectrolytes and grafting to or
grafting from molecules or polymers. For example, Siqueira et al., 2009 modified the surface of
CNC and CNF with N-octadecyl isocyanate to facilitate the dispersion in hydrophobic PCL. They
noted that minor property improvements were observed for unmodified CNC, and dispersion
was not possible with unmodified CNF. Apart from improving the dispersibility of CNF, surface
modification can be used to impart new and improved properties. The thermal properties of
TEMPO-mediated oxidised cellulose were increased by coupling an amine-terminated PEG onto
the surface of the CNF (Fukuzumi et al., 2010; Lavoine et al., 2016).
In theory, the incorporation of nanomaterials into macro-sized materials should lead to a
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significant increase in material properties, e.g., the mechanical, thermal properties. However,
this is often not the case, especially at high filler contents, and is also dependent on the aspect
ratio and other properties of the filler (Schaefer and Justice, 2007). It has been observed that
fibril aggregation within matrix is a nagging and persistent problem that is associated with the
use of CNF in composite formulation. The implication is that these nanosize fibrils adopt a
micron size when incorporated into a polymer matrix, as has been shown using confocal Raman
spectroscopy (Lewandowska and Eichhorn, 2016). A review of nanocomposites has rightly
pointed out that unless the issue of nanoparticle aggregation within the matrix is addressed,
surface modifications and improvements in formulation processes would not result in the
anticipated large increase in composite properties (Schaefer and Justice, 2007). It should be
noted that fibril aggregation can contribute to the mechanical strength of the matrix, provided
that the optimum loading, which is dependent on the fibril properties, is not exceeded (Dong
et al., 2015).
Several cellulose nanocomposites have been prepared (Kohler and Nebel, 2006; Sain and
Oksman, 2006; Siró and Plackett, 2010; Lavoine et al., 2012; Oksman et al., 2016). CNF can
be incorporated from suspensions or dried state and used as structuring materials or added
into natural matrices or synthetic matrices, as nanofillers to fabricate films, hydrogels and
aerogels (Lavoine et al., 2012; Dufresne, 2012; Nechyporchuk et al., 2016). Hydrogels are three-
dimensional network materials that are capable of absorbing large amounts of water without
dissolving, whereas aerogels are porous materials that are usually prepared by the freeze-drying
of hydrogels (Ahmed, 2015). When the composite is fabricated in the form of films, tensile
testing is mostly used to determine the mechanical properties. Some of the cellulose nanofibril
reinforced nanocomposites are summarised in Table 3.6 showing the CNF type, surface modific-
ation, matrix, percentage increase in modulus (from tensile or compression tests) and potential
applications where stated. Uniaxial (one directional) compression testing is mainly used to
derive the modulus of hydrogels and aerogels.
Increases of up to 2400 % in mechanical properties were observed on the additions of as low
as 1 wt. % CNF into a poly(vinyl alcohol) (PVA)/borax matrix (Han et al., 2013). The addition
of 32 wt. % CNF resulted in only a 58 % increase in the modulus of PLA (Wang and Drzal,
2012). It should be noted that there are variations in the methods used in composite formu-
lation. Some authors make use of weight ratios of dispersions/solutions of each component,
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while other use weight percentages that are relative to the main polymer matrix. Therefore, the
percentage change in mechanical properties with the addition of CNF materials may not be
comparable across different studies. Other properties that can be improved on the addition
of CNF include oxygen barrier properties (Lavoine et al., 2012). Both non-biodegradable (e.g.
poly(propylene)(PP), poly(methyl methacrylate) (PMMA), poly(urethane) (PU) and biodegrad-
able (e.g. PVA, PLA, PCL, alginate) polymer matrices are represented in Table 3.7. Degradable
polymers are sought for various applications because of their low impact on end of life analysis.
For this reason, carbohydrate polymers such as hyaluronic acid, chitosan and alginates have
been and are widely studied.
65
C
H
A
P
T
E
R
3
.
B
A
C
K
G
R
O
U
N
D
O
N
C
E
L
L
U
L
O
S
E
N
A
N
O
M
A
T
E
R
IA
L
S
A
N
D
C
O
M
P
O
S
IT
E
S
Table 3.6: Some example of CNF reinforced nanocomposite materials
CNF type Modification Matrix Composite form
% change in
modulus (CNF
content)
Potential
applications
References
Enzyme hydrolysed
PMMA latex
particles
PCL Moulded dumbbells 158 (10 wt. %) LDPE replacement (Re et al., 2018)
Solely mechanically
fibrillated
n-octadecyl
isocyanate
PCL Solvent cast films 60 (3 wt. %) - (Siqueira et al., 2009)
Solely mechanically
fibrillated
- PEO Solvent cast films 127 (7 wt. %)
Water retention and
energy storage
material
(Xu et al., 2013)
TEMPO-oxidised - PVAc/PVA Solvent cast films 870 (10 wt. %)
Adhesives for wood
joint
(Chaabouni and Boufi,
2017)
Solely mechanically
fibrillated
PVA/Borax
Ionically crosslinked
hydrogels
2400 (1 wt. %) Biomedicines (Han et al., 2013)
Solely mechanically
fibrillated
-
Poly (Styrene-
co-Butyl
Acrylate)
latex
Solvent cast films 56900 (6 wt. %) - (Samir et al., 2004)
Solely Mechanically
fibrillated
- PU
Stacked and compressed
films
500 (16.5 wt. %) -
(Özgür Seydibeyogˇlu
and Oksman, 2008)
Solely mechanically
fibrillated
Maleic
anhydride PP
PP Spray dried 26.8 (10 wt. %) 3D printing (Wang et al., 2018)
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Solely mechanically
fibrillated
polysorbate PDLLA Compression moulded 58 (32 wt. %) - (Wang et al., 2012)
Carboxymethylated - NVP Hydrogels 738 (1.6 wt. %)
Nucleus pulposus
replacement
(Borges et al., 2011)
TEMPO-oxidised - PNIPAm Hydrogels 333 (10 wt. %) - (Wei et al., 2016)
Enzyme hydrolysed
-
Water soluble
high
molecular
weight
Chitosan
Solvent cast films
150 (20 wt. %)
Coating,
biomedicine (Fernandes et al., 2010)
-
Water soluble
low
molecular
weight
Chitosan
320 (60 wt. %)
Solely mechanically
fibrillated
- Alginate Solvent cast films
27 (5% ratio to
alginate)
Packaging (Sirviö et al., 2014)
Steam exploded - Alginate Solvent cast films 356 (10 wt. %) Packaging (Deepa et al., 2016)
Morpholine
pre-treated
- Alginate Hydrogels 37 (5 wt.%) - (Onyianta et al., 2018a)
Carboxymethylated - Alginate Hydrogels 17 (5 wt. %) -
Acid hydrolysed - Alginate/PVA Hydrogels 221 (25 wt. %) MB adsorption (Yue et al., 2016)
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3.6.1 Cellulose nanofibril alginate-based nanocomposites
Sodium alginate (SA) is a linear unbranched polymer consisting of β-D-mannuronic acid (M)
and α-L-guluronic acid (G) arranged in a chain sequence of MM-GG-MG, which is extracted
from brown algae and seaweed (Augst et al., 2006). SA is a highly hydrophilic material requiring
no surface modification of the added CNF during composite formulation. The hydrophilicity of
SA arises from the surface sodium carboxylate groups. These surface groups are then exchanged
in solutions of divalent or trivalent salts (such as CaCl2, BaCl2, AlCl3 crosslinkers) to form stable
gels in an ionic crosslinking process. Depending on the type of salt and the concentrations
used, the strength of the gels can differ. For example, stiffer gels can be obtained with BaCl2
in comparison to CaCl2, at the same concentration, even though both salts are divalent. The
difference lies in the size of the ionic radii, which is larger for BaCl2 (Vicini et al., 2017). On
the other hand, lower concentrations of crosslinkers result in low mechanical strength/high
swelling gels, whereas higher concentrations of crosslinkers lead to high mechanical strengths
and low swelling.
Good mechanical strength and swelling are desirable properties. It is therefore important
to investigate ways of optimising alginate-based materials for specific applications. For this
purpose, the addition of nanocellulose to alginate has been widely studied (Huq et al., 2017; Lin
and Dufresne, 2014; Ma et al., 2017; Smyth et al., 2018). Usually, the effects of different types of
nanocellulosic materials on swelling and on the mechanical, thermal, solubility properties of
alginates are studied at varying proportions. Generally, improvements in mechanical properties
have been observed with the addition of CNF materials up to an optimal amount. Further in-
creases beyond the optimal amount leads to negative effects on the modulus. This consequence
was attributed to the possible aggregation of the particles at higher loadings. To illustrate this,
highest modulus was independently observed on the addition of 5 wt. % CNC (Huq et al., 2017)
and CNF (Onyianta et al., 2018b) in alginate-based films and in hydrogels respectively. However,
the swelling of the composite materials was slightly reduced. Deepa et al., 2016 observed a
reduction in the solubility of uncrosslinked CNF/alginate films on the addition of 10 wt. % CNF.
The hydration and subsequent degradation of unmodified and TEMPO-oxidised CNC/alginate
composites in water, under humid conditions and in D-phosphate buffer solutions (D-PBS)
was the focus of a study by Smyth et al., 2018. This study showed that both CNCs improved the
mechanical properties of alginate. However, reduced degradation was seen for alginate films
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that were reinforced with TEMPO-mediated oxidised CNC than for unmodified CNC in D-PBS.
This effect has been attributed to the presence of carboxyl groups in the TEMPO-mediated
oxidised CNC which enhanced the crosslinking and the strength of the alginates. The carboxylic
groups on TEMPO-oxidised CNC have been previously noted to be involved in the ionic cross-
linking of alginates. This participation of ionic groups on CNC was further investigated for
carboxymethylated CNF by Onyianta et al., 2018b. The study concluded that the participation
of ionic groups in the crosslinking of alginates could be concentration dependent.
Nanocellulose/alginate blends have been studied with respect to potential applications
in biodegradable packaging films (Sirviö et al., 2014; Deepa et al., 2016), cell cultures (Smyth
et al., 2018), 3D printed-wound care patches (Leppiniemi et al., 2017), drug delivery options
(Shi et al., 2014) and dye adsorption (Mohammed et al., 2015). However, it is evident that the
cellulosic nanoparticles must be efficiently dispersed and loadings optimised for the generation
of any specific properties required for particular applications. In addition, there is need for
standardised characterisation methods to be developed to facilitate on-site material property
testing, if large scale production is to be realised.
3.7 Summary
This chapter introduced nanomaterials and presented nanocellulose as a nano-sized cellulose
material with many applications. The three types of nanocellulose; bacterial nanocellulose
(BNC), cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF), and their production
methods have been discussed. While BNC and CNC suffer from low yields, CNF can be produced
in high yields. However, CNF production is associated with high energy consumption. This led
to various pre-treatment methods that are used to reduce the amount of energy required to
produce CNF. Life cycle analysis (LCA) reveals that although some of these pre-treatments yield
satisfactory, stable and gel-like materials, the overall energy demand was greater than when
no pre-treatment was used. The lack of standardised testing methods, toxicity and high cost
of product were discussed as some of the challenges that are associated with nanocellulose
research. Nevertheless, improvements in properties of polymer matrices have been observed
with the addition of nanocellulose materials.
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Experimental methods and sample
characterisation
Understanding the physicochemical properties and behaviour of polymeric materials using
effective characterisation is essentially required before any proposed applications. No single
technique or instrument is able to provide information on all of the properties of a polymeric
material under investigation. Therefore, various techniques and tools are used to probe the
materials’ properties. Some of these techniques can simulate the environment of use, such that
the behaviour of a material during application can be predicted. In this chapter, the working
principles of various instruments and techniques that were used in the characterisation of
cellulose fibres, cellulose nanofibrils and composites are described.
4.1 Instrumentation for sample preparation
The major instruments used for sample preparation together with their brief working principles
are described in the following subsections.
4.1.1 Ultra Turrax Disperser
Cellulose fibres are often obtained as a dried pulp or a never-dried pulp with a high solids
content. These pulps are then dispersed in water or liquid medium of choice at a lower solid
content prior to processing. A dispersion is created when a solid dispersed phase is mixed with a
liquid continuous phase. To create an effective dispersion, a good dispersing tool is required. A
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T25 digital Ultra Turrax disperser (IKA, UK) was used throughout this research for the dispersion
of cellulose pulps and for all other dispersing and mixing purposes.
The working principle of the disperser as stated by the manufacturer, is based on the rotor-
stator principle (IKA, 2015). The high speed of the rotor, which is the non-stationary part with
speed of up to 25000 rpm, causes the liquid medium to be drawn inward and pushed out from
the opening between the rotor and the stator (stationary part) as illustrated in Figure 4.1. The
high shear and thrust forces created, alongside the turbulent flow of fluid that occurs between
the rotor and the stator, leads to a more efficient dispersion process when compared with
standard mixing with magnetic stirrers. Two rotor-stator heads were used, the S25N-10G having
a volume capacity of 1-100 mL and the S25N-25G having a volume capacity of 100-2000 mL. The
technical details and photographic image of the ultra turrax disperser are shown in Table 4.1.
Figure 4.1: Schematic of the rotor stator mixing in ultra turrax disperser
Table 4.1: Photograph and technical details of T25 digital ultra turrax
Ultra Turax Manufacturer: IKA (Deutschland, Germany)
Model: T25 digital Ultra Turrax
Motor rotating input: 700 W
Motor rotating output: 500 W
Speed: 3000 - 25000 rpm
Frequency: 50/60 Hz
Voltage: 220 – 240 V
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4.1.2 High pressure processor
The high pressure processor, often called “microfluidiser” is one of the mechanical instruments
that are used for the fibrillation of cellulose fibre suspensions. Other mechanical processors
include homogenisers, grinders and sonicators (Jonoobi et al., 2015; Nechyporchuk et al., 2016).
The high shear processor is capable of delaminating fibres from millimetre dimensions to
nanometre dimensions. The schematic of the M-110EH-30 high shear processor that was used
in this research is shown in Figure 4.1. The dispersion to be fibrillated is received through the
inlet reservoir and drawn into the wear-resistant diamond interaction chamber, at a selected
pressure. The pressure within the interaction chamber is intensified by an intensifier pump,
powered by an electric-hydraulic motor (Panagiotou et al., 2008; Moura et al., 2012).
Figure 4.2: Schematic of M-110EH-30 high pressure processor
The actual fibrillation process takes place within the interaction chamber, having either
“Y” or “Z” geometry, with internal diameter between 75 µm and 400 µm (see Figure 4.3 for
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the schematic of the interaction chambers). The high pressure, velocity and turbulent flow of
fluid within the micron-sized orifice of the interaction chamber imparts a high impact force
and shear rate up to 107 s−1 on the dispersion, leading to efficient mixing and fibrillation of
the fibres (Panagiotou et al., 2008; Moura et al., 2012). Two interaction chambers of the same
geometry, with higher and lower internal diameters, can be connected in series to enhance the
fibrillation process (Taheri and Samyn, 2016). However only the "Z" interaction chamber was
used in this research project. At the end of the fibrillation, the dispersion is cooled and collected
through the outlet pipe. The dimensions of the fibres obtained can be largely controlled by the
internal diameter of the interaction chamber, the pressure within the interaction chamber and
the number of times the process is repeated (Taheri and Samyn, 2016).
Clogging of the interaction chamber may occur during the fibrillation of cellulose fibres that
are not well swollen (Spence et al., 2011). Clogging reduces the flow rate of the feedstock and
often leads to the complete blockage of the interaction chamber. The direction of the interaction
chamber is reversed to unblock the orifice.
The photographic image and the technical details of the M-110EH-30 high shear processor
are shown in Table 4.2.
Figure 4.3: Schematic of M-110EH-30 interaction chambers (Villalobos-Castillejos et al.,
2018)
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Table 4.2: Photograph and technical details of M-110EH-30 high pressure processor
High pressure processor
Manufacturer: Microfluidics
(Massachusetts, USA)
Model: M-110EH-30
Pressure range: up to 2068 bar (30000 psi)
Flow rate: up to 330 mL/min @ 2068 bar
(30,000 psi) up to 450 mL/min @ 1725 bar
(25,000 psi)
Feed temperature range: 16 – 75 °C
Minimum sample size: 120 mL
4.1.3 Freeze-drying
To reduce the cost associated with the transportation of aqueous suspensions and to increase
shelf-life, drying of CNF materials becomes imperative (Foster et al., 2018). In addition, some of
the characterisation methods, such as XRD and FTIR require samples to be presented in the
dried state. Convectional drying method with the use of ovens often leads to an irreversible
aggregation of cellulose fibres, known as hornification, making redispersion almost impossible
(Foster et al., 2018). Freeze-drying can preserve the nature and structure of cellulose nanofibril
(CNF), with possible re-dispersion of fibres, depending on the surface properties (Eyholzer et al.,
2010). The technique can also be used to probe the 3D network structure that are created within
gel-like materials.
Freeze-drying, otherwise known as lyophilisation is a drying method whereby frozen water
is removed by sublimation, followed by desorption of chemically adsorbed water (Adams, 2007).
Sublimation is the process of converting H2O in its solid state to vapour state. This is achieved
at a low temperature and a pressure that is below the triple point of water (0.01°C and 611.2 Pa,
the point where water exhibits an equilibrium state between solid, liquid and gas). The general
steps involved in freeze-drying are highlighted below (Adams, 2007; Nireesha et al., 2013)
• Sample preparation: The sample to be dried is presented as a slurry or solution and trans-
ferred to a rubber mould.
• Freezing : The sample in the mould is placed in a laboratory freezer to convert the liquid water
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to ice crystals required for efficient drying. The sample is left in the freezer for a minimum
of 24 h and usually at -45°C. The freezing step is crucial, as incomplete freezing leads
to foaming of sample during drying. It should be noted that the shape adopted by the
sample during freezing, remains almost unchanged during the drying process.
• Vacuum: The frozen samples are transferred to the freeze-drier flasks (for the manifold type
dryer) and attached to the freeze-drier before allowing the instrument vacuum to reduce
to 2.67 Pa (20 mT). The low pressure sublimes the ice to vapour.
•Heat : The temperature is increased to 40 to 50°C in the secondary drying stage to desorb the
chemically adsorbed water from the sample. This results in a dried sample with large
surface area.
• Condensation: A fitted condenser is regulated at a low temperature (-75°C). This collects the
vapour from the drying process, forming ice on the condenser plate. At the end the
process, the condenser is defrosted and cleaned manually.
In this research project, a VirTis benchtop freeze-dryer from SP Scientific, USA was used. This
freeze-dryer has a 12-port manifold, with a glass vessel that contains the sample to be dried. A
photographic image and the specifications of the freeze-dryer are presented in Table 4.3.
Table 4.3: Photograph and technical details of Virtis benchtop freeze-dryer
Freeze-dryer
Manufacturer: SP Scientific
Model: VirTis Sentry 2.0
Lowest condenser temperature: 75 °C
Maximum condenser capacity: 3L
Lowest system vacuum: 20 mT (2.67 Pa)
Port: 12-port acrylic manifold
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4.1.4 Determination of solid contents
At any point during the processing of cellulose, there is need to establish the solid content of
the material under test. There are two ways by which the solid content can be determined;
gravimetric analysis using ovens and the use of a moisture balance. In the oven gravimetric
analysis method, an aluminium boat is first pre-weighed. Then, the mass of the aluminium boat
and sample is recorded before being placed in a 90 °C oven overnight. This test is prepared in
triplicate for each sample. The mass of the aluminium boat and the dry sample were recorded at
the end of the drying process. To determine the solid content, the relationships below are used.
ms =mps −mp (4.1)
md =mpd −mp (4.2)
Sol i d content (%)= ( md
ms
)×100 (4.3)
Here, ms is the mass of the wet sample, mps is the mass of pan plus wet sample. mp is the mass
of the empty pan. md is the mass of dry sample and mpd is the mass of pan and dry sample.
An Ohaus MB45 moisture balance uses halogen element to heat up the sample at a fast rate.
The drying chamber contains reflective gold that facilitates the even distribution of heat on the
sample (Ohaus, 2011). The moisture analyser is equipped with a balance, which continuously
measures the weight of the sample during the drying process. The sample to be dried (between
0.5 g to 45 g) must be evenly distributed on the sample holder (pan) to ensure an effective
drying and accurate weight measurements (Ohaus, 2011). At the end of the drying process, the
solid/moisture content is represented as a percentage.
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Table 4.4: Photograph and technical details of Ohaus MB45 moisture analyser
High pressure processor Manufacturer: Ohaus, USA
Model: MB45
Capacity: 0.5 g to 45 g
Readability: 0.001g, 0.01
Temperature range: 50 °C to 200 °C
Heat source: Halogen
4.2 Instruments used for sample characterisation
The instruments that were used for the characterisation of CNF samples and their composites
are briefly considered in the following subsections.
4.2.1 Conductivity titration measurements
Conductivity titration methods are used to determine the quantity of ions in a solution or
dispersion. Cellulose fibres contain residual sulphonic acid and carboxylic acid arising from the
extraction method and other non-cellulosic components, (such as hemicellulose, lignin and
pectin). In nanocellulose research fields, conductometric titrations are among the methods used
to ascertain the quantity of ionic groups on the cellulose before and after a surface modification
(Kangas et al., 2014; Foster et al., 2018). In the literature, there are variations in the methods
used in literature for conductometric titrations (Saito and Isogai, 2004; Wågberg et al., 2008).
These depend on whether a strong acid or weak acid is titrated. The general principle of
conductometric titration is thus provided.
It is well known that electrolytes in solution contain dissociated ions that can pass current.
While the ions from strong acids are fully dissociated, those from weak acid partially dissociate
in solution (Britton, 1934). By passing an alternating current through two electrodes that are
immersed in solution, the potential (V ) of the solution can be measured. The ratio of the
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current (I) and the potential is equal to the resistance (R, Equation 4.4) (SAS, 2004). The inverse
of the resistance is equivalent to the conductance (C, Equation 4.5). The conductivity meter
measures the conductance, which is multiplied by the cell constant to give the conductivity
values displayed by a conductivity meter. The cell constant is the ratio of the distance between
the electrode and the area of the electrode (SAS, 2004).
R = I
V
(4.4)
C = 1
R
(4.5)
The set-up used for the conductivity titration is shown in Figure 4.4. The essential apparatus
inserted into the beaker with the sample are labelled. The base can be dispensed from the burette
or from a micropipette at a consistent rate. Care must be taken when using the micropipette
in order to avoid pipetting errors that could affect the accuracy of the results. The pH and the
conductivity are respectively obtained from the pH meter and conductivity meter, both from
Mettler Toledo, Switzerland. The sensitivity of the conductivity meter is between 0.1 µS/cm and
200 µS/cm.
Figure 4.4: Set-up for conductivity titration
The conductivity value at each point of adding a base is corrected for volume effects using
Equation 4.6 (Foster et al., 2018).
Cc =Cm ∗ (Vi +V0
Vi
) (4.6)
Here, Cc is the corrected conductivity. Cm is the measured conductivity. Vi is the original volume
of sample before titration. V0 is the volume of sample and added base at any given point.
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A typical conductivity plot of a weak acid is shown in Figure 4.5. Three distinct regions
usually arise from the plots. The first linear region on the left side of the plot shows a reduction
in conductivity as the protons were consumed. The second region in middle of the plot is the
neutralisation phase where the conductivity remains nearly unchanged. The third linear region
on the right side of the plot shows an increase in conductivity as the base is added in excess. To
analyse the curve, a linear fitting is performed on the first and third regions. Column statistics
are then performed on the conductivity data set to identify the minimum conductivity value.
Using the equation for a straight line (Equation 4.7), the volume of the NaOH spent at the first
and second equivalence points can be calculated as x1 and x2 respectively. The total acidic
groups were calculated using Equation 4.8.
Figure 4.5: Typical conductivity curve of weak acids
x(1,2) =
y −a(1,2)
b(1,2)
(4.7)
Here x(1,2), a(1,2), and b(1,2) are the respective the volume of base, intercept and slope for the first
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phase and third phase of the plot. y is the minimum conductivity value.
X = Cb ×V
m
(4.8)
Here, X is the total acidic groups in µmol/g. Cb is the concentration of the base in µmol/L. V is
the total volume of base spent in L and m is the mass of sample in g.
4.2.2 Spectroscopic methods
Infrared spectroscopy and ultraviolet-visible spectroscopy are two spectroscopic methods that
were used for sample characterisation in this research project. The working principles and
general sample preparation methods are presented.
4.2.2.1 Fourier Transform Infrared Spectroscopy (FTIR)
The different pre-treatments and surface modification result in changes in the functional groups
on cellulose surface. Infrared spectroscopy is a vibrational spectrophotometric method that is
used in the structural and compositional elucidation of polymeric materials (Mitchell Jr, 1987).
This analytical tool can identify the attachment of surface groups, such as carboxylic acid and
amine groups on the cellulose (Foster et al., 2018).
The general working procedure for spectrophotometers is schematically represented in
Figure 4.6. It involves the application of specific infrared radiation from the electromagnetic
spectrum onto the sample under test. The sample absorbs energy from the radiation and
becomes excited to a higher energy level. Upon removing the radiation source, the sample again
returns to the lower energy state by transmitting the absorbed energy. A detector is used to
record the absorbed or transmitted energy which is transformed into a spectrum (Campbell
et al., 2000).
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Figure 4.6: Schematic representation of the FTIR
The absorption of infrared radiation by a molecule brings about vibrational stretching
and bending, occurring at different frequencies that are unique to the nature of bonds and
atoms that are present in the sample (Campbell et al., 2000). The instrument collects and plots
the absorbance or transmittance through the sample against the wavenumber (number of
wavelengths per unit distance) in an FTIR spectrum. Dispersive infrared spectrometers, which
sequentially collect spectral data were previously used. These have now been replaced by Fourier
transform spectrophotometers (Campbell et al., 2000; Foster et al., 2018). The latter grade of the
instrument uses the Michelson interferometer to gather spectral data simultaneously before
performing a Fourier mathematical transformation of the data, thereby offering quick and
efficient measurement (Campbell et al., 2000).
Different sample measurement modes such as the KBr and the attenuated total reflectance
(ATR) modes are used to present the sample to the instrument. While the KBr requires extensive
sample preparation, which involve pellet formation and mostly suitable for liquid samples, the
ATR requires minimal or no sample preparation. Samples can also be measured in the solid
and in the liquid forms (Campbell et al., 2000). The ATR is composed of a crystal tip, typically
diamond, onto which an IR beam is directed, creating an evanescent wave. The changes
in the total internally reflected infrared beam upon contact with a sample is then detected
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(PerkinElmer, 2005). Samples must have a good contact with the ATR tip in order to generate an
accurate result. A schematic representation of the ATR is shown in Figure 4.7.
Figure 4.7: Schematic representation of the ATR tip (PerkinElmer, 2005)
Analysis of an unknown compound can then be made by comparing the wavenumber of
each bond stretch with that of an already documented wavenumber for the functional group
(Foster et al., 2018).
Herein, a Frontier FTIR unit from Perkin Elmer, was used for two purposes; to monitor the
changes in the cellulose surface upon pre-treatments and to study the interactions between the
alginate matrix and the different loadings of CNF materials. An image of the instrument and
corresponding specifications are provided in Table 4.5.
Table 4.5: Photograph and technical details of Frontier FTIR
FTIR
Manufacturer: Perkin Elmer (Shelton,
USA)
Model: Frontier
Wavelength range: 8300 – 350 cm−1
Interferometer: Michelson
Sampling mode used: ATR
Standard detector: deuterated triglycine
sulphate
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4.2.2.2 Ultraviolet-Visible Light Spectroscopy (UV-Vis)
The UV-Vis is a spectroscopic method used in the characterisation of changes in the absorb-
ance, transmittance and reflectance of materials within the ultraviolet, visible and for some
instruments near infrared regions (Stuart, 2008). It is the main instrument used in the detection
and quantification of colouring materials in water. Hence, it is applied in many dye adsorption
studies (Voisin et al., 2017; Putro et al., 2017). Therefore it is used in this thesis for the detection
and quantification methylene blue (MB) dye concentration in aqueous solutions.
The general principle of spectroscopic analysis as described for FTIR applies to UV-Vis
spectroscopy. The difference lies in the energetic range of electromagnetic radiation used. A UV-
Vis spectrometer measures the energy absorbed by electrons when irradiated with ultraviolet
radiation and visible radiation between 200-800nm in wavelength (Campbell et al., 2000). The
UV-Vis spectrum is generated as a plot of absorbance/transmittance vs wavelength, where the
peaks provide information on the type of bond present. Covalent bonds with pi-electrons absorb
energy at longer wavelengths (visible region) while those of σ-electrons absorb energy at lower
wavelengths (UV region) (Campbell et al., 2000). Coloured molecules such as dyes and pigments
absorb in the visible region at longer wavelengths because of the large number of delocalised
electrons within their aromatic ring(s) (Campbell et al., 2000; Stuart, 2008).
The UV-Vis used in this research project comes with an extended radiation source in the near
infrared (NIR) region, collectively called UV-Vis-NIR spectrometers. A photographic image and
the specifications of the Lambda 750 UV-Vis-NIR from Perkin Elmer are provided in Table 4.6.
The spectrometer is designed with two cell holders; one for the reference solution and the other
for the sample under test. The instrument was used to monitor the changes in concentration
of MB dye, using the Beer Lambert’s law (Equation 4.9), which directly relates absorbance to
concentration (Stuart, 2008).
A = log10(
I0
I
)= ²lc (4.9)
Here A is the absorbance, I0 is the incident radiation intensity, I is the transmitted radiation
intensity, ² is the coefficient of molar adsorption, l is the path length of the radiation within the
solution and c is the concentration.
83
CHAPTER 4. EXPERIMENTAL METHODS AND SAMPLE CHARACTERISATION
Table 4.6: Photograph and technical details of Lambda 750 UV-Vis-NIR
UV-Vis-NIR
Manufacturer: Perkin Elmer (Shelton,
USA)
Model: Lambda 750
Wavelength range: 190 – 3300 nm
UV-Vis resolution: 0.17 – 5.00 nm
NIR resolution: 0.20 – 20.00 nm
Radiation source: Deuterium and tungsten
halogen
Cell: 200-2500 nm radiation range, 10 mm
path length and 3.5 mL sample capacity
Suprasil Quartz cuvettes
4.2.3 X-ray Diffraction (XRD)
Cellulose is a semi-crystalline material. Depending on the chemical treatments and degree of
mechanical processing imposed during the production of CNF, the crystallinity of the resulting
CNF could be altered. Hence, the need for crystallinity measurements using X-ray diffraction
(Foster et al., 2018).
Discreet X-ray photons are generated when electrons from the higher L atomic orbital of
a metal, usually Cu, drops to a lower K atomic orbital (known as Cu Kα X-ray). This occurs
to stabilise the shell when an electron in the lower orbital has been removed, following a
bombardment with electrons from a heated filament (Campbell et al., 2000). When the beam
of X-ray photons contacts a sample under test, X-rays are diffracted by the electrons that are
present in the sample. The diffracted X-rays are measured in terms of 2θ, which is the angle
between the maximum degree of diffraction and the direction of the incident X-ray, as shown
in Figure 4.8 in a schematic representation of a diffractometer. The generated crystallographic
pattern, usually in the range of 1 to 50° for wide angle X-ray diffraction, is used to characterise
the ordered regions of polymer materials.
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Figure 4.8: Schematic representation of an X-ray diffractometer (Stuart, 2008)
Typically, sample sizes range between 10-20 mg and mounted on 2 mm thick and 20 mm
wide sample holder. The X-ray diffractograms of the freeze-dried samples are measured in a
reflection mode. The vertical 2θ Bragg-Brentano D5000 diffractometer was used in this thesis. A
photographic image and the specifications of the XRD are given in Table 4.7. XRD analyses were
carried out at The University of Nottingham under the guidance of Dr. Roger Ibbett.
Table 4.7: Photograph and technical details of D500 XRD
XRD
Manufacturer: Siemens/Brucker Gmbh
Model: D5000
Radiation source: Cu Kα
Radiation Voltage: 1-40 kV
Diffractometer: vertical θ-θ Bragg-Brentano
Detector: NaI (TI) scintillation counter
4.2.4 Thermogravimetric Analysis (TGA)
Thermal analysis involves the measurement of changes in the physical properties and of the
chemical properties of a polymer with changes in temperature and/or time (Bottom, 2008;
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Prime et al., 2008). In TGA, samples are heated (in a controlled manner) in either an inert
environment or a reactive/oxidative environment, and the mass change recorded as a function
of temperature changes. The mass change can be either a gain or a loss, but usually mass
losses are studied (Bottom, 2008; Prime et al., 2008). This change in mass manifests itself as the
sorption or desorption of volatile components within the material/environment. Reduction,
oxidation, and decomposition of a material with changes in temperature also contribute to
the mass changes in TGA measurements (Campbell et al., 2000; Stuart, 2008; Mohomed, 2016).
The heart of a thermogravimetric instrument is the thermobalance. The thermobalance is very
sensitive to the changes in mass of the sample as the temperature is increased (non-isothermal)
or at constant temperature (isothermal). The result is a thermogram, where the percentage
mass change is plotted against the temperature (Mohomed, 2016).
A TGA/DSC1 Star System from Mettler Toledo was used in measuring the effects of the pre-
treatment methods and mechanical processing on the thermal behaviour of CNF. TGA analyses
were also used to study the effect of the various loadings of CNF on the thermal properties of
alginate hydrogels. A photographic image and the specification of the instrument are provided
in Table 4.8. TGA analyses were conducted at The University of Genoa, Italy.
Table 4.8: Photograph and technical details of TGA/DCS1 Star Systems
TGA
Manufacturer: Mettler Toledo
(Schwerzenbach, Switzerland)
Model: TGA/DSC1 Star System
Temperature Range: Ambient to 1100 °C
Heating time: 5 min (ambient to 1100 ºC)
Crucible type, volume: Alumina, 100 µL
4.2.5 Microscopic methods
Microscopes are used in polymer characterisation to probe the microstructural and nanostruc-
tural morphologies of species that are not visible to the human eye. This is made possible
through the magnification of the test sample using a combination of illumination sources and
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various types of lenses. The instrument generates images having resolutions that depend on the
type of illumination source and the method of image generation (Campbell et al., 2000).
4.2.5.1 Optical Microscopy (OM)
Optical microscopes are used in CNF characterisation to study the evolution of fibril morphology
with increased processing (Chinga-Carrasco, 2013). They are also used to detect the presence
of fibrils within the microscopic range (Desmaisons et al., 2017). Aqueous CNF suspensions
are diluted and often stained with dyes to improve the contrast. The major components of a
compound optical microscope, as shown in the schematic in Figure 4.9, include an illumination
source, an objective lens, an eyepiece, a photomicrographic system and a specimen stage
(Campbell et al., 2000; Stuart, 2008; Yang et al., 2013). In the Köhler illumination system used in
most microscopes, the visible rays transmitted from a tungsten-halogen lamp are first collected
by the collector lens and condensed by the condenser lens before being illuminated on the
sample (Yang et al., 2013).
Figure 4.9: Schematic representation of a light optical microscope
The objective lens then magnifies the object image and projects it to the eyepiece, which
further magnifies the object. When coupled with a camera, an image that can be viewed and sent
to a computer screen is created. Convex lenses that are corrected for chromatic and spherical
aberrations are conventionally used in optical microscopes. The total magnification of the
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object is a product of the objective lens and eyepiece magnification. Up to 1000x magnification
can be achieved with most modern microscopes (Wegerhoff et al., 2006). Images can be viewed
in the bright field or dark field, depending on how evenly the visible rays are illuminated (Yang
et al., 2013).
A Leitz DMRX transmitted light microscope from Leica Microsystems was used to study
the effect of the number of passes through the high shear processor on the morphology of the
cellulose fibres. A photographic image and the specification of the microscope are provided in
Table 4.9. The 10x objective lens was used in this study, in addition to the 10x standard eyepiece,
bringing the magnification to a 100x capacity.
Table 4.9: Photograph and technical details of the Leitz DMRX optical microscope
Optical microscope
Manufacturer: Leica Microsystems
(Wetzlar GmbH)
Model: Leitz DMRX
Visible radiation source: Tungsten halogen
lamp, mercury arc lamp
Eyepiece magnification: 10x
Objective lens magnification: 20x and 50x
4.2.5.2 Field Emission – Scanning Electron Microscopy (FE-SEM)
To view the nanofibrils created from cellulose fibres, an instrument that is capable of producing
higher resolution images is required. This can be achieved using SEM, which collects sample
images by scanning a beam of electron across the sample. The schematic representation of the
image generation from an SEM is shown in Figure 4.10.
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Figure 4.10: Schematic representation of an SEM
In standard SEM, the electron beam is generated by heating a tungsten and lanthanum
hexaboride filament using an electric current. However, for FE-SEM, cold cathode field emitters
from tungsten wires are used (Campbell, Pethrick and White, 2000). This ensures improved
brightness and highly resolved images. When the beam of electrons interacts with a sample,
backscattered electrons, secondary electrons and X-rays are produced. These are detected to
form an image of the area scanned (Campbell et al., 2000; Stuart, 2008; Goldstein et al., 2004).
The SEM column containing the electron beam, condenser lens and electromagnetic lens is kept
under a low vacuum. The condenser and electromagnetic lens serve respectively to condense
and demagnify the beam diameter so that highly resolved images can be produced.
The SEM sample holder is called a stub. To prepare samples for SEM analysis, the SEM stub
is first covered with a carbon black disc, onto which a mica disc is attached. The mica is cleaved
with a tape to reveal a fresh flat layer. The sample to be tested is highly diluted (if in the liquid
state) and deposited on mica disc surface. The sample is left to dry overnight in the sample box
before image collection.
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A major problem that is associated with the scanning of a non-conducting polymeric mater-
ial is surface charging, which affects the quality of image produced. To circumvent this problem,
CNF and other polymeric materials are thinly coated with conducting metals, such as gold,
gold-palladium or with carbon (Campbell et al., 2000)
In this research an S-4800 FE-SEM from Hitachi was used to study the dimensions and
morphology of CNF materials. A Zeiss Supra 40 VP from Carl Zeiss at the University of Genoa
was used in a study of the porosity that was created within the CNF/alginate composite hydro-
gels after freeze-drying. The images collected at the University of Genoa was done under the
guidance of Laura Negretti. A photographic image and the specification of the Hitachi S-4800
unit that serves as a representative for the two instruments used are provided in Table 4.10.
Table 4.10: Photograph and technical details of S-4800 FE-SEM
FE-SEM
Manufacturer: : Hitachi (Japan)
Model: S-4800
Electron beam source: Tungsten cold
cathode field emitter
Accelerating voltage: 0.5 to 30 kV
High magnification: 100x to 800000x
Low magnification: 30x to 2000x
4.2.5.3 Transmission Emission Microscopy (TEM)
Much higher resolution images are acquired from TEM. Hence, its use in CNF characterisation to
study the morphology and dimensions of nanofibrils (Foster et al., 2018). There is a similarity in
the instrumentation used in TEM transmittance and those used optical light microscopy. Major
differences lie in the radiation source used and in the type of lens used. In TEM, an electron
beam is accelerated from hairpin halogen lamps and electromagnetic lenses are used (Stuart,
2008). TEM also uses a condenser lens, a specimen stage, an objective lens and a projector
system. However, a vacuum environment is required to ensure that only scattered electrons
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from the sample under test are detected (Campbell et al., 2000). TEM can resolve images down
to the atomic level of 0.2 nm because of the higher energy of the electron beam, making it a
valuable tool in polymer characterisation (Campbell et al., 2000). A very thin layer of sample,
deposited on a carbon film that is coated on a metal grid, is required for TEM analysis. As
with optical microscopy, the samples for TEM can be negatively stained or positively stained to
improve the contrast. Photographic images can be acquired from the camera placed under the
projector system or sent to a computer screen.
Negative staining is usually carried out with uranyl acetate. However, the radioactive prop-
erties of this staining agent limit its use for sample staining. Alternatively, phosphotungstic acid
can be used. In this study, TEM image analysis was carried out using Zeiss Leo EM900 unit from
Carl Zeiss. A photographic image and specification of the instrument are shown in Table 4.11.
The analysis was conducted at the Consiglio Nazionale Delle Ricerche, Genoa, Italy under the
guidance of Dr. Lucia Conzatti.
Table 4.11: Photograph and technical details of Zeiss Leo EM900 TEM
TEM
Manufacturer: Carl Zeiss
Model: Zeiss Leo EM900
Electron beam source: Tungsten halogen
lamp, mercury arc lamp
Accelerating voltage: 20 – 80 kV
4.2.6 Rheometry
Rheology involves the study of flow and deformation of materials under stress/strain, while
rheometry is the science of measuring rheology (Macosko and Larson, 1994; Schramm, 1994;
Barnes, 2000; Goodwin and Hughes, 2008). The rheological behaviour of CNF materials has
been discussed in Section 3.4.4. This chapter will present the rheometrical techniques and
procedures involved in rheological property measurements.
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4.2.6.1 Stress, strain and shear rate
Stress (σ) is given as a ratio of the applied force (F) to the area (A) over which the force is
applied (Equation 4.10). Strain (γ) is the ratio of the change in deformation (dv) to the height
(h) of sample (Equation 4.11). Stress is directly proportional to strain according to Hooke’s Law
(Goodwin and Hughes, 2008). The modulus (G) is constant at small stresses/strains and varies
at large stresses/strains (Goodwin and Hughes, 2008) (Equation 4.13). Also, stress is directly
proportional to shear rate (γ˙), which is the ratio of change in strain to change in time (Equation
4.12). The constant of that proportionality is the dynamic viscosity (η) (Equation 4.14). This
approach is based on Newtons principle and is only valid for certain fluids behaviours as seen
with Newtonian fluids. For non-Newtonian fluids, the viscosity varies with shear rate.
σ= F
A
(4.10)
γ= d v
h
(4.11)
γ˙= dγ
d t
(4.12)
σ=Gγ (4.13)
σ= ηγ˙ (4.14)
4.2.6.2 Measuring systems
The measuring system of a rheometer contains upper and lower components. Those with a
rotating upper component and fixed lower component are known as Searle-type rheometers,
whereas those with fixed upper component and rotating lower component are known as Couette-
type rheometers. These types of rheometer can be made to either operate under a controlled
stress (CS) or a controlled strain rate (CR) regime. Most modern rheometers can operate in both
regimes. In controlled stress rheometers, a torque (M) is applied in a controlled fashion. The rate
of rotation or angular frequency (ω) is measured. In controlled strain rheometers, ω is applied
in a controlled manner and M is measured (Schramm, 1994; Barnes, 2000). When the applied
torque is measured and detected on the same component (usually the upper component), it
is termed as the combined motor and transducer system (CMT). However, when the torque
is applied from the upper component and measured by the lower component, it is known
as the separate motor and transducer system (SMT). The major geometries that are used for
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measurements in any of the described instrumentation include concentric cylinders, parallel
plates and cone and plate geometries (Schramm, 1994).
In this research study, a Searle-type controlled stress/strain rate unit with a combined motor
and transducer (AR-G2 rheometer) from TA Instruments was used for CNF characterisations.
Measurements of the compressive modulus of alginate/CNF composite hydrogels were carried
out using an MCR 301 rheometer from Anton Paar. The main difference between these two
instruments is that while the motor of upper component of AR-G2 is supported by a magnetic
bearing, that of MCR 301 is supported by an air bearing. A photographic image and the spe-
cification of AR-G2 are shown in Table 4.13. This instrument has a normal force transducer
mounted on the lower flat plate component. The normal force transducer can be used to control
the upper component position, to limit the stress imposed in the sample during closure. It
is also used to keep the sample under tension or compression during a measurement, and to
determine the normal stress that is produced by shearing the sample.
Table 4.12: Photograph and technical details of AR-G2 rheometer
Rheometer Manufacturer: TA Instruments (USA)
Model: AR-G2
Oscillating torque: 0.003 - 200000 µN.m
Steady shear torque: 0.01 - 200000 µN.m
Frequency: 7.5E-7 to 628 rad s−1
Angular velocity for controlled stress: 0 –
300 rad s−1
Angular velocity for controlled strain:
1.4E-9 to 300 rad s−1
Normal force: 0.05 – 50 N
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Table 4.13: Photograph and technical details of MCR 301 rheometer
Rheometer 2 Manufacturer: Anton Paar (Germany)
Model: Physica MCR 301
Oscillating torque: 0.0001 - 200000 µN.m
Frequency: 6.28E-5 to 628 rad s−1
Speed for controlled shear rate: 10E-6 –
3000 1/min
Speed for controlled strain: 1.4E-7 - 3000
1/min
Normal force: 0.01 – 50 N
These rheometers can detect and measure angular displacement, angular velocity, torque
and normal force. However, geometry specific factors are required to transform the data to
stress, strain and strain rates values. Parallel plate and concentric cylinder geometries were
used in this study. These are schematically shown in Figure 4.11 and Figure 4.12 respectively.
The measured variables are converted to sample variables using Equations 4.15 to 4.17 for the
parallel plate unit and Equations 4.18 to 4.20 for the concentric cylinder.
Figure 4.11: Schematic representation of the parallel plate geometry
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Figure 4.12: Schematic representation of the concentric cylinder geometry
γ= Rφ
H
(4.15)
γ˙= RΩ
H
(4.16)
σ= 2M
piR3
(4.17)
γ= ( R
2
1 +R21
R22 −R21
)φ (4.18)
γ˙= ( R
2
1 +R21
R22 −R21
)Ω (4.19)
σ= M
4piH
(
R21 +R21
R22 −R21
)Ω (4.20)
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Here, R1 is the radius of the inner bob of the cylinder, R2 is the radius of the outer cup, R is the
radius of the upper parallel plate, φ is the angular displacement, H is the gap,Ω is the angular
velocity. Other variables retain their meaning.
4.2.6.3 Viscoelastic measurements
Shear flow occurs when molecules in a material under stress slide past each other as depicted in
Figure 4.13 (Barnes, 2000). The unbroken line represents the original form of the material while
the broken lines represent the sheared material.
h
dv
F
Figure 4.13: Schematic representation of a material under one directional shear flow
Ideal solid materials are elastic materials. They deform under stress and can recover to their
original form upon the removal of the applied stress. Ideal fluids are viscous materials that can
flow under stress but cannot totally return to their original form upon the removal of the applied
stress. Most materials are non-ideal, showing both elastic properties and viscous properties.
These are known as viscoelastic materials (Macosko and Larson, 1994; Schramm, 1994; Barnes,
2000; Goodwin and Hughes, 2008).
The linear viscoelastic properties of CNF materials presented in this thesis were investigated
by oscillatory shear measurements using amplitude sweeps, time sweeps and frequency sweeps.
The instrument and geometry are calibrated for friction, rotation and inertia before each use.
The gap between the upper and the lower geometry is zeroed before each run. Prior to the
oscillatory measurements, flow peak hold (also known as pre-shear) (Lindström, 2017) was
first performed by applying a constant shear rate (100 s−1) for a fixed short time (100 s) to clear
sample history.
For Amplitude sweeps, an oscillatory shear stress/strain is applied at a fixed frequency and
the strain/stress recorded. The lag between the stress and strain is known as the phase angle (δ),
shown in Figure 4.14. If the complex stress (σ∗) at any given frequency (ω) is given as Equation
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4.21 and resulting the complex strain (γ∗) is given as Equation 4.22, then the complex shear
modulus (G∗) would be as shown in Equation 4.23 (Goodwin and Hughes, 2008; Williams, 1996).
Figure 4.14: An oscillating strain and the stress response for a viscoelastic material(Goodwin
and Hughes, 2008)
σ∗ =σ0e i (ωt+δ) (4.21)
γ∗ = γ0e iωt (4.22)
G∗ = σ
∗
γ∗
= (σ0
γ0
)(cosδ+ i sinδ) (4.23)
where
G∗ =G ′+ iG ′′ (4.24)
The storage modulus (G’) and loss modulus (G") are therefore calculated from Equation 4.25
and 4.26 respectively.
G ′ = σ0
γ0
cosδ (4.25)
G ′′ = σ0
γ0
sinδ (4.26)
The amplitude sweep is presented as a plot of G’ and G" vs strain/stress by the rheometer
software. The critical strain can be calculated from such plot as the maximum strain value at the
endpoint of the linear viscoelastic region (LVR).
In frequency sweeps, the time of oscillation in rads−1 or Hertz (Hz), is varied at a constant
oscillatory strain value that is within the LVR. Such measurements provide information on the
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G’, G", complex viscosity (η∗), and the tangent of the phase angle (Equation 4.27)
tanδ= G
′′
G ′
(4.27)
Time sweeps were used in this research project for the recovery of aqueous CNF microstruc-
ture after pre-shear and amplitude sweeps. A fixed oscillatory shear strain and fixed frequency
are applied over a range of time. This measurement generates a plot of G’ and G" vs time. The
duration of the time sweep was carried out up to an equilibrium state where the change in
G’ does not experience a 2% change over 100 s. This criterion was to ensure that there was
minimal change in material properties occurring during the experimental duration required for
amplitude and frequency sweeps.
4.2.6.4 Compression testing
Extensional flow occurs when molecules in a material move towards (compression) or away
(tensile) from each other. Two assumptions are undertaken during the deformation of a polymer
network by extension. However, the same principle applies in compression. The first assumption
is the affine deformation assumption, which implies that the macroscopic deformation of a
polymer network directly translates to the deformation of the microscopic structure (Flory, 1953).
In other words, the dimensional changes occurring in the directions of the principal axes (x, y , z)
will lead to a change in length within these axes, which is given by the extension/compression
ratio (λ1x,¸λ2 y ,¸λ2z). The second assumption implies that the volume of the test sample remains
constant during the deformation of the polymer network (Flory, 1953; Treloar, 1973). Based on
the second assumption, the implication is that extension/compression in one direction would
result in respective contraction/expansion in the transverse dimension, as shown in Equation
4.28. Adding Equation 4.28 to the equation for the work of deformation per unit volume gives
Equation 4.29, which is summed in Equation 4.30.
λ1 =λ and λ2 =λ3 =λ−1/2 (4.28)
W = 1
2
RTνe (λ
2
1+λ22+λ23−3) (4.29)
W = 1
2
RTνe (λ
2+ 2
λ
−3) (4.30)
If σ is the force per unit cross sectional area of the unstrained test sample.
σ= F
A
(4.31)
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Assuming the shape of the sample is that of a cube of unit edge length (Treloar, 1973), then,
σ=RTνe (λ− 1
λ2
) (4.32)
and since,
G =RTνe (4.33)
therefore,
σ=G(λ− 1
λ2
) (4.34)
Here, λ is the ratio of the final height of sample to the initial height, known as the extension/
compression ratio, W is the work done per unit volume, R is the universal gas constant (8.314 x
106 cm3 Pa mol−1 K−1), T is the absolute temperature (293 K), νe is the elastically effective chain
per unit volume, σ is the compressive stress and G is the compressive modulus.
Anton Paar MCR301 was used herein for the compression testing of composite hydrogels.
The normal force data obtained from the compression tests are transformed to stress values
using Equation 4.31 (Oyen, 2014), while the gap displacement data are converted to the deform-
ation factor (λ− 1
λ2
) (Flory, 1953). Therefore, by plotting σ vs (λ− 1
λ2
), according to Equation
4.34, the compressive modulus G can be obtained as the slope.
The British standard for the compression testing of rubber and thermoplastics exist (BSISO7743,
2017). This standard however does not take into consideration the changes in volume fractions
upon swelling of rubbery material in suitable fluid. To account for the changes occurring within
a swollen polymer network, The Flory’s theory of swollen rubber elasticity was adopted (Flory,
1953; Gutowska et al., 1994; Muniz and Geuskens, 2001). The volume ratios of the swollen and
relaxed samples are incorporated into Equation 4.32 to give Equation 4.35. The function νe
(mol/cm3), is the elastically effective chains of a polymer network and can be obtained from
Equation 4.35.
σ=RTνe (φr /φs)
2
3φs(λ− 1
λ2
) (4.35)
Here, φr is the volume fraction of the polymer in the relaxed state, that is, the hydrogel volume
fraction remaining after the excess crosslinker had been leached. φs is the volume fraction of
polymer at the equilibrium swollen state. The volumes of each component are converted from
their weights using the density of the materials. In this thesis density of 1.6 g/cm3 was used for
sodium alginate, 1.5 g/cm3 for CNF and 0.9982 g/cm3 for water at 20 °C.
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Cellulose Swelling and CNF Production
Using Chemical Pre-treatments
5.1 Introduction
The macrostructure and microstructural orientation of cellulose and the associated complex-
ities of cellulose swelling and dissolution were presented in Section 2.5 and 2.6 of Chapter 2.
The swelling of cellulose was discussed, and cellulose swelling agents were grouped as either
intercrystalline or intracrystalline swelling agents. Intercrystalline swelling agents are defined
as chemical agents that swell cellulose without changing the crystalline structure or derivatising
cellulose. Intracrystalline swelling agents are able to swell cellulose, cause changes in the crys-
talline structures of cellulose and derivatise cellulose (Klemm et al., 1998b). Efficient cellulose
swelling is a prerequisite to reducing the degree of mechanical processing needed to produce
good quality cellulose nanofibrils (Nechyporchuk et al., 2016). This reduces the cost of energy
associated with CNF production, provided that the swelling process does not involve exotic
chemical pre-treatments, using expensive chemicals (Bharimalla et al., 2015).
The most abundant and natural swelling agent for cellulose is water. However, the swell-
ing degree is not sufficient to enable cellulose to be easily nanofibrillated. The mechanical
processing of aqueous suspensions of cellulose into CNF requires some sort of mechanical pre-
treatment and many passes through a high shear homogeniser. During high shear processing,
the fibrous material blocks the interaction chamber, thereby hampering the fibrillation process.
Hence, the use of many pre-treatment methods (Section 3.2.3 of Chapter 3).
Lokhande, 1978 found that aqueous mixtures of heterocyclic amines (piperidine, mor-
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pholine) resulted in increased cellulose swelling compared to using the amines or water alone.
The study showed that aqueous mixtures of these swelling agents do not lead to the derivatisa-
tion of cellulose. Hence, they are regarded as intercrystalline swelling agents. In a patent by
Graveson and English, 2016, morpholine was one of the swelling agents used to facilitate the
fibrillation of cellulose to produce cellulose nanofibrils. However, it was not made clear how the
properties of the CNF produced by the morpholine pre-treatment, compare to the properties
of CNF from other chemical pre-treatments. Further investigations on the properties of CNF
derived from the morpholine swelling process and how these compare with the properties of the
carboxymethylated and TEMPO-mediated oxidised CNFs have been conducted and a summary
of results published (Onyianta et al., 2018a).
Swelling experiments using two types of cellulose, MCC and sieved knife-milled cellulose, in
morpholine and piperidine are presented in this chapter. MCC was chosen because observable
swelling in the crystalline region would imply even greater swelling for cellulose fibres within
the amorphous regions. Sieved cellulose fibres have also been used to investigate swelling in
both the crystalline regions and amorphous regions. It well known that the amorphous region
of cellulose contributes to its degree of swelling in liquid media (Klemm et al., 1998b). This is
mainly because of the presence of large pores and interstitial spaces arising from the less ordered
packing of the anhydroglucopyranose repeat unit within the amorphous regions (Klemm et al.,
1998b). Subsequently, the preparation methods, characterisation and properties of CNF derived
from three pre-treatment methods are presented. The morpholine pre-treatment process is
considered to be a chemical pre-treatment. The properties of the resulting CNF were compared
with those of the more popular chemical pre-treatment methods described in the literature,
carboxymethylation and TEMPO-mediated oxidation.
5.2 Experimental Section
5.2.1 Materials
Commercial grade, knife milled cellulose pulp and never-dried hardwood bleached sulphite
cellulose pulp (32 wt. % solid content) were supplied by the Saiccor mill of Sappi (South Africa).
Microcrystalline cellulose (MCC, Avicel PH-101), morpholine, piperidine, monochloroacetic
acid, NaOH, isopropanol, ethanol, methanol, acetic acid, sodium bicarbonate (NaHCO3), hydro-
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chloric acid HCl, NaCl were all analytical grade and were used as received from Sigma Aldrich
(United Kingdom). Ultrapure water (Purelab Option-Q ELGA DV 25) was used throughout the
experiments.
5.2.2 Swelling in morpholine and in piperidine
Dried knife milled cellulose pulp was sieved to ≤ 53 µm using a sieve shaker. Morpholine and
piperidine aqueous swelling agents were prepared in weight percentage combinations. These
loadings represent 0 to 1 mole fraction of solvent to water, with 0.1 increments. In other words,
the 0 mole fraction represents ultrapure water alone while the 1 mole fraction represents the
swelling agent alone. The equivalent wt. % of the mole fractions of morpholine to water and
piperidine to water are shown in Table A.1 and A.2 respectively. Swelling experiments were
carried out for Avicel and for cellulose pulp.
For the Avicel, 9 mL of each swelling agent at various mole fractions was added to 1 g of
Avicel in 20 mL glass vials to make a 10 w/v % dispersion. Each dispersion was shaken vigorously
and allowed to stand for 24h. For the cellulose pulp, 48.5 mL of swelling agents were added
to 1.5 g of cellulose pulp, in 60 mL glass vials to make a 3 w/v % dispersion. They were also
given a thorough shake before being allowed to stand for 24h. Compared to the Avicel, the
lower cellulose content was chosen for the sieved cellulose pulp because of the expected greater
swelling that arises from the presence of less ordered regions. Images were captured using a
Sony HX60 digital camera at the end of the 24h swelling period. All the experiments were carried
out in triplicate. The error bar represents the deviation across the three experiments.
5.2.3 Production of CNF using morpholine pre-treatment
Following the results from the swelling experiment, CNF production using morpholine pre-
treatment was further investigated. Never-dried cellulose pulp was dispersed in 1:1 mole ratio
or 0.5 mole fraction of morpholine to water (83 wt. %) using an ultra turrax disperser, for 10
min at 10000 rpm, to make a 1 wt. % slurry. The water content of the never-dried cellulose was
considered when preparing the concentrations of the swelling agents. The slurry was allowed to
swell for 168h, after which it was passed 5 times through a 200 µm auxiliary chamber and 100
µm Z-shaped interaction chamber of a M-110EH high pressure homogeniser, at 172.4 MPa. A
maximum of 5 passes was chosen. This was because initial studies, using 78 wt. % morpholine,
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proved that nanofibrillated cellulose is produced at this stage. Further passes under the same
conditions do not yield a remarkable improvement in properties, such that might compensate
for the greater energy consumption. The fibrillated cellulose in aqueous morpholine was washed
using 10 centrifugation cycles, at 10000 rpm and 15 min per cycle. The first supernatant obtained
from centrifugation (purely aqueous morpholine swelling agent) could potentially be used for
another swelling regime. A 1 wt. % aqueous dispersion of the fibrillated and washed cellulose
was passed once through the 200 µm auxiliary chamber of the high shear homogeniser to
disperse effectively the fibril aggregates caused by centrifugation. The resulting CNF, henceforth
called MCNF was stored in the refrigerator, whilst a small proportion was freeze-dried using the
VirTis benchtop freeze dryer.
5.2.4 Carboxymethylation pre-treatment
Carboxymethylation was carried out on the never-dried cellulose pulp using the procedures
described by Wågberg et al., 2008. 30 g of cellulose pulp were dispersed in 2000 mL of ultrapure
water, using an ultra turrax disperser for 10 min at 10000 rpm. The cellulose dispersion was
solvent exchanged to ethanol (1120 mL) using 4 centrifugation cycles at 10000, for 10 min.
This ethanol-exchanged cellulose was soaked with a mixture of monochloroacetic acid (2.8 g)
and isopropanol (140 mL) for 30 mins. The soaked cellulose mixture was gradually added to a
mixture of NaOH (4.5 g) and methanol (140 mL). The entire mixture was added to 560 mL of
isopropanol that had been heated to 65 °C in a 1 L reactor and allowed to react for 1 h, under
continuous stirring.
At the end of the reaction, the insoluble cellulose was first washed 3 times with ultrapure
water followed by centrifugation at 10000 rpm for 10 min. Then it was washed with 560 mL
of 0.1 M acetic acid, before being washed two more times with ultrapure water, followed by
centrifugation at 10000 rpm for 10 min. The washed cellulose was soaked with 560 mL of 4
wt. % NaHCO3, for 60 minutes before being finally washed 3 times with ultrapure water by
centrifugation. The recovered cellulose was dialysed using 14 kDa molecular weight cut-off
tubing over ultrapure water for 3 days. A 1% slurry was prepared after the solid content had
been determined. This slurry was passed through the high shear processor five times at 172.4
MPa with samples being taken after each pass. A portion of the material was freeze-dried.
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5.2.5 TEMPO-mediated Oxidation pre-treatment
The method used for the TEMPO-mediated oxidation of cellulose was adapted from Fukuzumi
et al., 2009. 62.5 g of never-dried cellulose pulp was dispersed in 2000 mL of ultrapure water for
5 min at 10,000 rpm to make a 1% slurry. The slurry was then transferred to 3 L glass reactor. 2 g
of NaBr and 0.32 g of TEMPO were then added to the slurry. The suspension was thoroughly
stirred until the TEMPO was fully dissolved. The reaction was started by adding 62 g of NaClO
(5000 µmol/g) in a drop-wise manner. The pH of the reaction was maintained at 10 by adding
0.5 M NaOH until no further drop in pH was noticed from the pH unit. After 60 min, the reaction
was quenched with 20 mL of ethanol. The suspension was washed using centrifugation, until
a neutral pH was attained. The recovered cellulose was also dialysed over ultrapure water for
3 days. After the solid content was determined, a 1% suspension was prepared and passed
through a high shear homogeniser, five times at 172.4 MPa, with samples being collected after
each pass. Freeze-dried samples were also prepared.
The pre-treated samples were coded as MCNF-xP, CMCNF-xP, and TCNF-xP respectively
representing morpholine pre-treated, carboxymethylated and TEMPO-oxidised. Here x is the
number of passes, from 1 to 5.
5.2.6 Characterisation methods
The effects of the number of passes through the high shear homogeniser on the rheological and
optical microscopic properties of the three types of CNF materials, from the three pre-treatment
methods, are presented. This was followed by the surface characterisation of the cellulose
starting material and the pre-treated unprocessed cellulose by conductometric titration and
FTIR. Finally, the fifth pass of each type of CNF was characterised to study the effect of the
different pre-treatments on the crystalline, thermal, rheological and dimensional properties of
the resulting CNF materials.
5.2.6.1 Calculation of the swelling index
The cellulose sediment height and the total height of the dispersion were measured from the
captured images using ImageJ software. A swelling index was calculated using Equations 5.1
and 5.2 given below. Plots of mole fraction against swelling index were obtained for Avicel and
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for the ≤ 53 µm cellulose pulp, in morpholine and in piperidine.
hr = hc
h0
(5.1)
SI = hr (swel l i ng ag ent )
hr (w ater )
(5.2)
Here, hr is the relative height of the cellulose, hc is the height of cellulose, h0 is the total height
of dispersion and SI is the swelling index. Average relative sediment heights of the Avicel and
the cellulose pulp, in water, from 8 experiments were used to calculate the swelling index. This
was done to minimise error in assessing the swelling indices of Avicel and cellulose pulp.
5.2.6.2 Residual morpholine titration
The residual morpholine content after washing by centrifugation was monitored using acid base
titration. The supernatant from the third to the ninth wash was used for this investigation. 10 g
of each supernatant was diluted to 20 mL with ultrapure water before adding 2 drops of methyl
orange indicator. The mixture was titrated with 0.01 M of HCl until the colour changed from
blue to light yellow. The percentage morpholine was calculated using Equation 5.3.
% w t . mor phol i ne = V × (
c
1000 )×87.12
m
(5.3)
Here V is the volume of titre, c is the concentration of acid in mol/L (M), m is the mass of sample
and 87.12 is the molar mass of morpholine in g/mol.
5.2.6.3 Total surface charge determination: Conductometric titration approach
The cellulose pulp starting material and the pre-treated cellulose pulps were subjected to
conductometric titrations prior to mechanical fibrillation. Two methods were adopted from the
literature for the conductivity tests to provide a comparison of results. The original cellulose
pulp, morpholine pre-treated cellulose and the carboxymethylated cellulose were tested for the
total acidic groups using the SCAN-CM 65:02 method, established by the Scandinavian pulp,
paper and board committee. On the other hand, the TEMPO-mediated oxidised cellulose was
tested using the method of Saito and Isogai, 2004.
The Scandinavian method involved soaking the cellulose pulps in 0.1 M HCl, at 1 wt. %,
for 15 min before being washed until the conductivity was less than 5 µS/cm. The base was
standardised with 0.01 mol/L of HCl before using as a titrant. 490 mL of ultrapure water and 10
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mL of 0.05 M NaCl were added to 1 g dry weight of cellulose pulp in a beaker. NaCl was added
to improve the accuracy of the results. The mixture was stirred thoroughly using a magnetic
stirrer. The titration was started with the addition of 0.05 M NaOH at the rate of 500 µL/min at
the initial stage and 100 µL/min at the neutralisation stage.
The Saito and Isogai, 2004 method involved the addition of 55 mL of ultrapure water, 5 mL
of 0.01 M NaCl and 2.5 mL of 0.1 M HCl to 10 g of 1 wt. % TEMPO-mediated oxidised cellulose,
equivalent to 0.1 g dry weight of cellulose. The dispersion was stirred for 30 minutes before
being titrated against 0.04 M NaOH, at the same rate as that used in the Scandinavian method.
The results from the conductometric tests were analysed as described in 4.2.1.
5.2.6.4 Functional group analysis using FTIR
The surface chemistry of the cellulose pulp starting material and of the pre-treated cellulose
were analysed from freeze-dried sample using the Frontier FTIR in the ATR mode. Spectral data
were collected after 8 scans from 4000 cm−1 to 450 cm−1 wavenumbers.
5.2.6.5 Linear viscoelastic measurements
Linear viscoelastic assessments were carried out on all the pre-treated samples with the aim
of investigating the effect of the pre-treatments and degree of mechanical processing on the
undeformed microstructure of the aqueous CNF suspensions. These tests were carried out using
a serrated concentric cylinder geometry (24 mm inner diameter and 26 mm outer diameter)
on AR-G2 rheometer. Approximately 18 g aliquots were taken from the bulk sample for the
analysis. All samples were tested on the same day of mechanical processing and at 20 °C. The
experimental procedure involved six steps and are summarised in Table 5.1, where the aim
for each step is provided in the comments column. The degree of mechanical processing was
monitored from the evolution of G’ from the amplitude sweep. The effects of the pre-treatments
were monitored from the amplitude sweeps and from the frequency sweeps of the fifth pass
samples.
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Table 5.1: Test parameters for rheological analysis
Test Step
Number
Test Test Parameters Comments
1 Peak hold
100 s−1 shear rate for 100
s
To clear sample and
loading history
2 Time sweep
50 rads−1 angular
frequency and 0.1% strain
for 480 s for MCNF
samples and 600 s for
CMCNF and TCNF
samples
To allow the sample to
recover. Longer times
were chosen for CMCNF
and TCNF because of
their highly structured
nature.
3
Amplitude
sweep
0.1 % to 100 % at 50
rads−1 frequency
To identify the LVR. Also,
to obtain G’, G” values
within the LVR
4 Time sweep
50 rads−1 frequency and
0.1% strain for 780 s for
MCNF samples and 900 s
for CMCNF and TCNF
samples
To allow for material
recovery
5
Frequency
sweep
50 rads−1 to 0.5 rads−1 at
0.1% strain for MCNF
samples and 0.5% strain
for CMCNF and TCNF
samples
To study the gel-like
behaviour of the CNF
materials
6
Amplitude
sweep
50 rads−1 frequency
To ascertain that the
frequency sweep is within
the linear viscoelastic
region (LVR) and that
sample has not been
deformed.
5.2.6.6 Optical microscopic analysis
2 g of cellulose dispersion at 1 wt. % aqueous dispersion were added in a 25 mL glass vial before
the addition of 8 g of ultrapure water to dilute to 0.2 wt. %. 0.5 g of methylene blue dye at 0.1 wt.
% was added to the cellulose dispersion and shaken vigorously. The dye was added to stain the
fibres and increase the image contrast. 10 µL of the dispersion was placed on the microscope
slide and covered with a cover slip. The slide was placed on the microscope’s specimen stage and
moved around until it was under the objective lens. The coarse focus knobs on the microscope
were used to focus the image before acquiring it in the bright field mode.
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5.2.6.7 Crystallinity index measurements using XRD
Freeze-dried samples were loaded into circulator holders with a manual pressure being applied
to achieve good packing and a smooth upper surface level with a cup rim. 2θ scans were
performed from 5 to 50◦, in 0.05◦ increments, with rotation of the holders about the phi axis.
Cellulose crystallinities were determined by subtracting an amorphous background from the
experimental XRD profiles, where the amorphous profile was derived by measurement of a
highly ball-milled 96α cellulose material. Firstly, a linear instrument/incoherent background
was subtracted between 5 and 50◦ 2θ, both for the sample profiles and amorphous profiles.
The amorphous profile was overlaid on the sample’s profile and the amorphous intensity was
adjusted until it just touched the sample profile. For cellulose I materials this was at the
minimum between the 110/1-10 and 200 crystalline peaks, in the region of 18.5◦ 2θ. This
adjusted profile was then subtracted from the total sample profile to give the crystalline only
intensity and hence the % crystallinity (Equation 3.2).
5.2.6.8 Thermal stability analysis using TGA
The freeze-dried cellulose starting material and pre-treated CNF materials were used in TGA. The
weight of the alumina crucible was zeroed and background scan collected before measurements
were taken. Approximately 8-8.5 mg of samples were heated from 25 °C to 600 °C, at a constant
heating rate of 10 °C/min, under a constant nitrogen flow of 80 mL/min.
5.2.6.9 Morphological and dimensional analyses using FE-SEM and TEM
For the FE-SEM analyses of the CNF materials, 20 µL of a 0.0005 wt. % CNF dispersion was
deposited on a mica surface that was placed on an SEM stub (sample holder). This was allowed
to air-dry overnight before being coated with a thin layer of gold, for 85 s, using an Emitech K550X
(Quorumtech, UK) gold sputter coater. For TEM sample preparations, 1.5 wt. % phosphotungstic
acid was prepared and adjusted to a neutral pH by adding drops of 0.1 M KOH. 0.01 wt. % CNF
was diluted from the 1 wt. % stock dispersion and sonicated for 3 min, for effective dispersion. 5
µL of the suspension were deposited on the carbon-film-coated copper grid. This was allowed
to stand for 3 minutes before removing the excess water, using a filter paper. This was followed
by the deposition of one drop of 1.5 wt. % phosphotungstic acid solution on the grid before
being allowed to stand again for 30 s. The grids were allowed to air dry overnight before image
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analysis. Well focussed images were acquired at an 80 kV accelerating voltage. The fibril widths
from both FE-SEM and TEM images of all the pre-treated CNFs were measured using ImageJ
software. Fibril width distributions were obtained from measurements on at least 150 fibrils.
5.2.6.10 Aspect ratio determinations by sedimentation
Prior to the sedimentation experiments, all the pre-treated samples were dispersed at 0.07
w/v % in a range of 0.1 M, 1 M, 2 M and 3 M NaCl for MCNF and CMCNF, 0.1 M, 1 M, 2 M, 3
M and 4 M NaCl for TCNF. This was carried out to identify the effect of salt medium on the
pre-treated samples and to examine the charge screening potentials of different concentrations
of NaCl on CMCNF and on TCNF. Subsequently, 2 M and 3 M NaCl solutions were chosen as
the media for the sedimentation of the CMCNF and TCNF samples respectively. These salt
concentrations represent an average salt concentration where a plateau in the relative sediment
heights was attained as shown in Figure A.1. The morpholine pre-treated sample was prepared
in an aqueous medium as the different salt concentrations showed no difference in the relative
sediment height. Suspensions for sedimentation were prepared from 1 wt. % of the original
aqueous suspensions of the CNF samples between solid concentrations of 0.01 wt. % to 0.1 wt.
% of solids. These were allowed to sediment in 60 mL glass vials for 96 h before photographs
were captured. The sediment heights (hs) and the initial suspension heights (h0) were measured
from the photographic images using ImageJ software. The plot of concentration (wt. %) against
the relative sediment height (hs/h0) was fitted to the quadratic equation (ax2+bx). Here, the
linear fit parameter b, is equal to the connectivity threshold (Zhang et al., 2012). Using the
densities of water (1 g/cm3), 1.83 M NaCl (1.07 g/cm3), 3.06 M NaCl (1.11 g/cm3) and cellulose
(1.5 g/cm3), weight fractions were converted to volume fractions (Φ) using Equation 3.4 since
Φ¿ 1. The aspect ratios were then estimated using the effective medium theory (EMT) and
the crowding number theory (CN), using Equation 3.5 and 3.6 respectively, as developed by
Varanasi et al., 2013 and Zhang et al., 2012 for CNF materials.
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5.3 Results and Discussion
5.3.1 Swelling of cellulose materials in heterocyclic amines
The swelling experiments were carried out to study the effects of the various concentrations of
aqueous swelling agents on the swelling of two types of cellulose; MCC and cellulose pulp. The
nonlinear relationship between the swelling index of MCC and the mole fraction of morpholine
in water is shown in Figure 5.1, while that of piperidine in water is shown in Figure 5.2.
Figure 5.1: Plot of swelling index of MCC vs mole fraction of morpholine in water, with pho-
tographic insert of the swelling data
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Figure 5.2: Plot of swelling index of MCC vs mole fraction of piperidine in water, with photo-
graphic insert of the swelling data
These figures and photographic inserts show that the swelling index of MCC increased as
the mole fractions of the heterocyclic amines were increased up to a maximum range of 0.5
to 0.7 before a decline in swelling index is observed. This indicates that there is a synergistic
relationship between these two heterocyclic amines and water towards cellulose swelling. These
molar fractions represent a mole ratio of 1:1 to 2:1 swelling agent to water. It is worth noting that
morpholine-water mixtures exhibit similar nonlinear relationships with regards to the specific
gravity and viscosity, in addition to a depression in freezing point, with maxima/minima being
observed at varying concentrations of morpholine with water as shown in Figures A.2 and A.3
(Huntsman, 2005).
To compare fully the swelling behaviour of MCC in morpholine and in piperidine, an overlay
the swelling index vs mole fraction profile is presented in Figure 5.3. A greater swelling index
was observed for the aqueous morpholine compared to the aqueous piperidine. This is because
of the presence of the oxygen atom on the structure of morpholine, resulting in greater polarity
when compared with piperidine, as shown previously in Figure 2.6. Cellulose swelling is reported
to increase with increasing polarity (Klemm et al., 1998b). The effect of polarity on the swelling
index becomes more observable from the 59 % increase in the swelling index, between the
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piperidine and the morpholine when 100 wt. % (1 molar fraction) is used.
Figure 5.3: Overlay of the swelling indices of MCC in morpholine and piperidine
Following the observed swelling behaviour of MCC in the heterocyclic amines, 0, 0.5, and 1
molar fractions of the swelling agent were chosen for the swelling of the cellulose pulp. Figure
5.4 shows that greater swelling indices are obtained for both swelling agents when combined
with water, rather than when water or the swelling agent was used alone. On comparing the
degree of swelling between MCC and cellulose pulp in these swelling agents, it should be noted
that while MCC was swollen at 10 w/v % solid content, cellulose pulp was swollen at 3 w/v %
solid content. Therefore, the swelling index of cellulose pulp can be up to 3 times higher than
that of MCC at 10 w/v %.
In summary aqueous swelling agents resulted in greater swelling of MCC and of cellulose
pulp rather than water or the swelling agent alone. Morpholine showed greater swelling effects
on both cellulosic materials than piperidine because of the higher polarity of the former. Based
on these results, a 0.5 molar fraction of morpholine to water (83 wt. %) was chosen as the
swelling agent for CNF production. Indeed, there is a 13 % increase in the swelling index from
0.5 to 0.7 mole fraction (83 wt. % to 91 wt. %). However, this difference may not significantly
affect the properties of the CNF on a large scale. Moreover, the flashpoint of morpholine at 83
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wt. % is greater than that of 91 wt. % and does not require fire proofed processing equipment
(HSE, 2013).
Figure 5.4: Swelling index of cellulose pulp in morpholine and piperidine
5.3.2 Total surface charge from conductometric titration
The conductometric titration curves of all the samples tested are shown in Figure 5.5. The total
acidic groups were analysed using the method described in Section 4.2.1. The results obtained
from analysis of the conductometric curves are tabulated in Table 5.2. On comparing the surface
charge of the cellulose starting material with that of the morpholine pre-treated cellulose (30
µmol/g and 37 µmol/g respectively), the morpholine pre-treatment did not significantly modify
the surface of the cellulose. However, the carboxymethylation and TEMPO-mediated oxidation
pre-treatments are known to induce negatively charged carboxymethyl (CH2COO
–) and carboxyl
(COO–) groups respectively on the surfaces of the cellulose fibres.
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Figure 5.5: Conductometric titration curve of the starting cellulose and the pre-treated cel-
luloses
Table 5.2: Summary of results from conductometric titration and XRD
Sample
Total carboxylic acid
content (µmol/g)
Crystallinity index
(%)
Cellulose Pulp 30 ± 0 55.1
Morpholine pre-treated cellulose 37 ± 6 48.1
Carboxymethylated cellulose 550 ± 4 36
TEMPO-oxidised cellulose 1063 ± 16 39.7
The total surface charge of the carboxymethylated CNF is lower than that of the TEMPO-
oxidised CNF under the experimental conditions applied. These results are within the literature
reported values of 515 µmol/g to 610 µmol/g for carboxymethylated cellulose (Wågberg et al.,
2008; Siró et al., 2011; Naderi and Lindström, 2014) and 500 µmol/g to 1500 µmol/g for TEMPO-
mediated oxidised CNF (Fukuzumi et al., 2009; Benhamou et al., 2014). The differences in
the starting material, the amount of reagents, the time of reaction, the temperature and the
pH contribute to the variations in total charged groups that are reported in literature. These
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variations in the total quantity of charged groups often result in differences in the CNF material
properties, thereby making any comparison of results with those quoted in the literature difficult.
5.3.3 Functional group analysis using FTIR spectroscopy
In addition to surface charge analysis by conductometry, the effect of the pre-treatments on the
cellulose fibre surface chemistry was probed using FTIR spectroscopy. Overlay of the spectrum
of the original cellulose starting material and those from the pre-treated CNFs is shown in Figure
5.6.
Figure 5.6: FTIR overlay of the starting cellulose pulp and of the pre-treated celluloses
Three common peaks can be identified from the original cellulose and the pre-treated
cellulose. These are the peaks within 3335 cm−1 to 3338 cm−1, assigned to O-H stretching, 2896
cm−1 to 2902 cm−1, assigned to C-H stretching and 1019 cm−1 to 1029 cm−1, assigned to C-O
stretching. The peak observed at 1592 cm−1 and 1603 cm−1 were assigned to COO– stretching
in the sodium ion form (Eyholzer et al., 2010). These latter peaks prove the attachment of
carboxymethyl groups and the carboxyl groups respectively. It can also be seen that the spectrum
and peaks of the morpholine pre-treated CNF clearly overlap with those of the original cellulose.
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This shows that no surface modification had taken place after the morpholine pre-treatment as
was observed from conductometric titration analysis.
5.3.4 Effects of degree of processing on the viscoelastic and micro-
scopic properties of the CNFs
Clogging of the interaction chamber during high pressure processing is one of the challenges
that are frequently encountered during the fibrillation of non-pretreated cellulose (Pääkko
et al., 2007). Hence, various mechanical and chemical pre-treatments are employed to ease
fibrillation. Morpholine pre-treatment, carboxymethylation and TEMPO-mediated oxidation
pre-treatments, effectively swelled the cellulose fibres, thereby facilitating the processing of these
fibres into fibrils and eliminating down-time that would otherwise arise due to clogging issues
in the interaction chamber. Moreover, the washing cycles effectively removed the morpholine
swelling agent as shown in Figure 5.7, leading to a residual morpholine of 0.003 wt. % from the
seventh wash. The initial large error at the beginning of the washing process was as a result of
the variations in the amount of water and sample within the centrifugation bottle. However, this
error diminished with increasing number of wash and became non existent from the seventh
wash.
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Figure 5.7: Residual morpholine per wash using centrifugation
The effects of the number of passes was monitored via changes in storage modulus from
amplitude sweeps and by microscope image observations. The value of G’ was obtained from
the LVR between 0.4 to 0.6 % strain and is shown in Figure 5.8 for MCNF, CMCNF and TCNF.
The G’ and G” across the full range of the applied strain at various number of passes are shown
in Figures A.4, A.5 and A.6 for MCNF, CMCNF and TCNF respectively.
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Figure 5.8: Effect of number of passes on the G’ of MCNF, CMCNF and TCNF
‘
For all the passes, the G’ of TCNF was greater than those of CMCNF and those of MCNF, with
MCNF having the lowest G’. The total observed viscoelastic properties of a material is the sum
of all the contributions from the attractive forces and repulsive forces acting on the material
(Equation 3.9). For CNF materials, attractive forces arise from the intramolecular forces and
intermolecular forces, leading to physical entanglements; while the presence of surface charged
groups bring about the repulsive forces. Therefore, the greater G’ of TCNF compared to CMCNF
and MCNF can be attributed to the presence of stronger repulsive carboxyl groups, as shown in
Table 5.2. More detail on the effect of chemical pre-treatments on linear viscoelastic properties
are presented in Section 5.2.9.
Regarding the effect of number of passes on G’, the G’ of MCNF increased linearly with
increase in number of passes through the high shear homogeniser. The breakdown of the large
micron sized fibres by the high shearing force led to a reduction in fibre dimensions and to
the formation of interconnected networks of fibrils, seen as an increase in elastic modulus. It
should be noted that the viscoelastic properties of MCNF would arise from intermolecular and
intramolecular attractive forces alone as the material has negligible amount of surface groups.
The effect of the number of passes on G’ has not been much studied for surface unmodified
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CNF based on wood pulp. However, the changes in viscosity (Grüneberger et al., 2014; Naderi
et al., 2016) and yield stress (Samyn and Taheri, 2016) with respect to number of passes, has
been investigated for solely mechanically fibrillated CNFs and for enzymatically pre-treated
CNFs. These two systems show a linear increase in the viscosity or yield stress with increase in
number of passes. Although, the viscosity and the yield stress are nonlinear flow measurements,
they can provide complimentary rheological information to those of linear viscoelasticity from
amplitude sweeps.
It has been established that the modification of cellulose surface leads to a reduction in
the number of passes needed to produce a structurally robust material (Nechyporchuk et al.,
2016). An increase in G’ was observed from the first pass to the second for both CMCNF and
TCNF. This effect can be attributed to the formation of thinner and entangled fibrils with high
aspect ratios (Naderi et al., 2015). Therefore, at one and two passes, the linear viscoelasticity of
CMCNF and of TCNF is strongly influenced by the sum of the forces from fibril entanglements
and from the repulsive surface charges. However, further increases in the number of passes led
to a decrease in G’. This effect can be a result of the reduction in fibril dimensions, especially
lengthwise, leading to a reduced network entanglement at the 1 wt. % loading studied. A similar
reduction in the shear viscosity of carboxymethylated CNF, at 3-5 passes, was also observed by
Naderi et al., 2016.
The reduction in fibre dimensions can be easily observed from the optical micrographs
of MCNF as shown in Figure 5.9. Although some persistent large fibres still remained after 5
passes. The widths of these persistent large fibres were still less than those obtained from solely
mechanically fibrillated CNF after 10 passes (Josset, 2014) and similar to those that were obtained
from enzymatic pre-treatment of cellulose after 40-120 grinding process (Nechyporchuk, 2015).
The reduction in fibre dimensions can also be seen from the respective optical micrographs
of CMCNF and of TCNF in Figure 5.10 and Figure 5.11. Large micron sized fibres could still be
seen at 1-2 passes. However, from 3-5 passes, clear fields of view manifest because the fibres
dimensions are now below that identifiable from the microscope.
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1 2 3
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Figure 5.9: Optical micrographs of MCNF from 1 to 5 pass samples. Scale bar = 100 µm
1 2 3
4 5
Figure 5.10: Optical micrographs of CMCNF from 1 to 5 pass samples. Scale bar = 100 µm
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Figure 5.11: Optical micrographs of TCNF from 1 to 5 pass samples. Scale bar = 100 µm
The following subsections deal with the effects of the pre-treatment method on the proper-
ties of the CNF materials on the basis of a study of the fifth pass samples of MCNF, CMCNF and
TCNF, at 1 wt. %, shown in Figure 5.12.
Figure 5.12: Photographic images of MCNF, CMCNF and TCNF suspensions after 5 passes at
1 wt. %
5.3.5 Effects of chemical pre-treatments and of mechanical processing
on the crystallinity of cellulose nanofibrils
The crystallinity index of cellulose is known to be affected by chemical and mechanical inter-
ventions (Eyholzer et al., 2010; Jonoobi et al., 2015; Taheri and Samyn, 2016; Tian et al., 2016).
The effects of the chemical pre-treatments and of mechanical processing on the resulting CNF
materials were investigated using X-ray diffraction. The crystallinity index of the pre-treated
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CNFs and mechanically fibrillated CNFs are displayed in Table 5.2. The overlay of the crystal-
lograms is shown in Figure 5.13. All the chemical pre-treatment processes used in this study
preserved the native cellulose I structure of the fibres.
A minor reduction in the intensity of the (110)/ ( ¯110) and (200) crystallographic planes
can be identified for MCNF in comparison to the reduction in intensity observed for CMCNF
and TCNF. The reduction in the intensities of these planes have been shown to be associated
with a great degree of chemical treatment and mechanical processing (Su et al., 2015; Eyholzer
et al., 2010). The morpholine pre-treatment process did not lead to a marked reduction in the
crystallinity index and the 13 % decrease observed in comparison to the starting pulp can be
attributed to the impact of mechanical shearing (Eyholzer et al., 2010; Taheri and Samyn, 2016;
Tian et al., 2016). This result is broadly consistent with the results of surface chemistry analyses
reported in previous studies where morpholine was shown not to affect the crystallinity index of
cellulose but only to act as an inter-crystalline swelling agent (Betrabet et al., 1966; Betrabet and
Rollins, 1970; Lokhande, 1978; Lokhande et al., 1984).
Figure 5.13: Overlay of XRD diffractograms from the pre-treated CNFs
The carboxymethylation pre-treatment process, coupled with mechanical shearing, led
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to a 35 % decrease in the crystallinity index of CMCNF compared with that of the starting
cellulose pulp. This observation is similar to that of Eyholzer et al., 2010 whose CNF sample
showed a 31 % decrease in crystallinity index after carboxymethylation followed by mechanical
homogenisation. However, another study has reported no reduction in the crystallinity of
carboxymethylated CNF films after multiple homogenisation steps (Siró et al., 2011). This
latter report omitted to note the crystallinity of the starting cellulose material to allow a clearer
comparison to be made. The percentage decrease in the crystallinity index of TCNF with respect
to the cellulose starting material was 28 %. This smaller reduction in the crystallinity index of
TCNF in comparison with that of CMCNF can be attributed to the selective oxidation of the
hydroxyl groups on the C-6 carbon atoms alone (Isogai et al., 2011). The carboxymethylation
process, being non-selective, can access the hydroxyl groups on carbons C-2, C-3 and C-6,
thereby leading to the observed reduction in the crystallinity index (Eyholzer et al., 2010).
5.3.6 Effects of chemical pre-treatments and mechanical processing
on cellulose nanofibrils’ thermal stability
An understanding of the thermal integrity of those CNF materials that may be incorporated as
reinforcements for the melt processing of polymeric materials is important (Qua et al., 2011).
The thermal stabilities of CNF materials can be affected by pre-treatments and the processing
conditions. They are often directly related to the crystallinity. Possible changes in thermal
stabilities of the CNF materials were investigated by thermogravimetric analysis. For the sake of
clarity, the initial weight loss occurring below 100 °C, because of moisture desorption, was not
included in the TGA curves and derivative thermogravimetric (DTG) curves of the pre-treated
samples, shown in Figure 5.14 and in Figure 5.15 respectively.
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Figure 5.14: Overlay of the TGA of cellulose pulp and of the pre-treated CNFs
Figure 5.15: Overlay of the DTG profiles of cellulose pulp and of the pre-treated CNFs
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The CNF that was obtained after the morpholine pre-treatment process retained its thermal
integrity. This can be seen from the overlap between the TGA curves and the DTG curves of
MCNF and those of cellulose pulp, as shown in Figure 5.14 and in Figure 5.15 respectively. These
results support the results obtained from surface charge analysis, FTIR measurements and XRD
measurements.
A lower peak degradation temperature was observed for the CMCNF and much lower peak
degradation temperature was seen for the TCNF, relative to the results obtained using cellulose
pulp. This is a result of the presence of sodium carboxymethyl functional group that has been
shown to catalyse the degradation of carboxymethyl cellulose (Britto and Assis, 2009) . Increases
or decreases in the crystallinity index would be expected to be directly related to the thermal
integrity of a polymeric material. This was not the case however for TCNF, though it had a
slightly higher crystallinity index than did CMCNF. The presence of sodium anhydroglucuronate
units on the surface of TCNF led to the lower temperature degradation peak that was observed
for TCNF at 247 °C (Fukuzumi et al., 2010; Lavoine et al., 2016). The rest of the unmodified
portions of TCNF degraded at the higher temperature of 301 °C.
5.3.7 Effects of chemical pre-treatment and mechanical processing
on the morphology of the CNFs
Field emission scanning electron microscopic images and the fibril width distributions of the
CNFs are shown in Figure 5.16. The respective average fibril width values obtained from the
FE-SEM images of MCNF, CMCNF and TCNF are 15 ±11 nm, 11 ±3 nm and 9 ±2 nm. The fibril
width distributions show that the morpholine pre-treated CNF has a more polydisperse fibril
width distribution than those of the carboxymethylated CNF and the TEMPO-mediated oxidised.
A relatively small number of wider fibrils, with widths between 40 nm to 90 nm, can be seen from
the MCNF fibril width distribution profile, also visible from the lower magnification micrograph
in Figure A.7. These larger fibrils represent only 5 % of the measured fibrils. They can still be
regarded as nanofibrils, since they are within the 100 nm limit for nanomaterials (Klaessig et al.,
2011).
The presence of few larger fibrils is not uncommon for those CNFs that do not have any
surface electrostatic repulsive forces to counter the effect of hydrogen bonding and hydrophobic
forces (Sacui et al., 2014; Taheri and Samyn, 2016). CNFs from enzymatic pre-treatments (Sacui
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et al., 2014) and mechanical processes (Taheri and Samyn, 2016) often possess larger fibrils and
flocs which are surrounded by large amounts cellulose nanofibrils. As with optical micrographs
of CMCNF and TCNF, the lower magnification images from SEM (Figure A.8 and Figure A.9) do
not show the presence larger fibrils.
Figure 5.16: FE-SEM micrographs and fibril width distribution of MCNF, CMCNF and TCNF
TEM images of the CNFs are shown in Figure 5.17 alongside their fibril width distribution
126
CHAPTER 5. CELLULOSE SWELLING AND CNF PRODUCTION USING CHEMICAL PRE-TREATMENTS
values. The trend seen in the size of fibril widths, observed from FE-SEM images, can also be
seen with the TEM images of the pre-treated CNFs. The MCNF, CMCNF and TCNF material
has a respective fibril width of 8 ±4 nm, 6 ±2 nm and 5 ±2 nm. These values are within the
TEM values of 5 nm to 15 nm that have been reported for carboxymethylated CNF (Wågberg
et al., 2008) and the 3 nm to 5 nm widths that have been reported for TEMPO-mediated oxidised
CNFs (Isogai et al., 2011). For all the CNFs, the fibril widths from TEM images are lower than
those obtained from FE-SEM images. This is because of the lower resolution of FE-SEM images
compared to those from TEM. The highly resolved TEM images are capable of distinguishing
elemental fibrils from bundles of fibrils, hence the lower value obtained (Dufresne, 2012; Wang
et al., 2012) (Dufresne, 2012b; Wang et al., 2012b).
The overall morphologies of the CNFs studied are those of an entangled and networked
structure, even at the low loading of CNFs used in the sample preparation for both the FE-SEM
and TEM studies. Therefore, measurement of fibril lengths from microscopic images of these
samples could not be carried out.
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Figure 5.17: TEM micrographs and fibril width distribution of MCNF, CMCNF and TCNF
5.3.8 Aspect ratio determination from sedimentation studies
The use of sedimentation studies for aspect ratio estimations has been applied to uncharged
and unmodified CNFs (Zhang et al., 2012; Varanasi et al., 2013; Raj et al., 2016). This method
was adapted for the current study of electrostatically stabilised CMCNF and TCNF to estimate
their aspect ratios. On increasing the ionic strength of a medium, its Debye length, which is
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the distance at which the surface potential decreases by 1/eth (0.368) of its value, would be
decreased. This would lead to a dampening or screening of the charges on the particles in the
medium, giving rise to particle aggregation. The aggregation and subsequent sedimentation of
the ionically stabilised CMCNF and the TCNF were made possible after screening the CNFs in 2
M and 3 M sodium chloride solutions respectively, (see Figure 5.17 for photographic images of
sedimentation).
CMCNF
MCNF
TCNF
Figure 5.18: Photographic images of sedimentation experiment of the MCNF in water, CM-
CNF and TCNF in 2 M NaCl and 3 M NaCl respectively
The plots of the initial concentration of the CNFs in wt. % as a function of the relative
sediment height, hs/h0, in water/salt media are shown in Figure 5.19. The linear component of
this fit, which is equivalent to the connectivity threshold, was input into the effective medium
theory and crowding number theory equations (Equations 3.5 and 3.6) to calculate the aspect
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ratios of the CNFs shown in Table 5.3. It can be seen from this table that the MCNF had a lower
estimated aspect ratio than did the CMCNF, with the TCNF having the highest estimated aspect
ratio.
Figure 5.19: Quadratic fit of relative sediment height against initial concentration for MCNF,
CMCNF and TCNF
Before a logical conclusion can be drawn, it is necessary to point out the polydispersity
of MCNF fibril width, as shown in Figure 5.15 and in Figure 5.16, and its possible effect on
sedimentation. Since this method involves the settling of fibrils in a suspension under gravity,
it is expected that suspensions with larger/flocculated fibrils, would settle at a faster rate than
would the individual nanofibrils. This has been described as differential sedimentation (Gregory,
2013). These flocs can potentially also drag with them the thin interconnected fibrils, leading to
a lower relative sediment height (higher connectivity threshold) at the concentrations examined;
hence the lower aspect ratio observed for the morpholine pre-treated CNFs. The CMCNF
and TCNF materials which do not possess larger fibrils, based on the FE-SEM and TEM width
distributions, would settle at a uniform rate. Therefore, differential sedimentation should not be
an issue for these materials, thereby giving their true aspect ratios.
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Table 5.3: Sedimentation results obtained from quadratic regression fits
Sample
Quadratic
regression
Connectivity
threshold (wt.
fraction)
Connectivity
threshold (vol.
fraction)
CN Aspect
ratio
EMT
Aspect
ratio
MCNF
y = 0.3x2+0.14x
R2 = 0.99
0.0014 0.00093 161 ±2 144 ±2
CMCNF y = 0.07x2+0.065x
R2 = 0.98
0.00065 0.00046 229 ±18 217 ±18
TCNF
y = 0.08x2+0.02x
R2 = 0.97
0.0002 0.00015 400 ±30 416 ±30
The estimated CN aspect ratio is greater than the EMT aspect ratio only when the connectiv-
ity threshold in volume fraction is greater than 2.45 x 10−4. Thus, the CN aspect ratio is greater
than the EMT aspect ratio for MCNF and CMCNF, but lower for TCNF. The estimated aspect ratio
of MCNF was 33 % higher than the aspect ratio of the unmodified filtered cellulose nanofibril,
reported by Varanasi et al., 2013, using the same sedimentation approach. The aspect ratio of
the TEMPO-mediated oxidised CNF, reported in this study, falls within the range of 310 – 623
reported for those measured from shear viscosity length measurements (Tanaka et al., 2014).
5.3.9 Rheological analysis
The respective overlay of the amplitude sweeps and frequency sweeps, obtained from the fifth
pass of all the pre-treated cellulose nanofibrils at 1 wt. %, are shown in Figure 5.20 and Figure
5.21 . All the pre-treated CNFs showed higher G’, (the elastic component at any frequency),
than G” (the viscous component at any frequency). The values of G’ within the LVR and the
critical strain were lower for MCNF than for CMCNF and TCNF as displayed in Table 5.4. This
behaviour is to be expected since the viscoelastic properties of a morpholine pre-treated sample
is governed by the physical entanglements and the presence of network of fibrils, brought about
by the Van der Waals forces acting on the fibrils, rather than by electrostatic repulsive forces.
The viscoelastic properties of the CMCNF and TCNF are, however, controlled by the presence of
electrostatic repulsive forces on the surface of the fibrils, physical entanglements and Van der
Waals forces (Lasseuguette et al., 2008; Naderi and Lindström, 2014; Lindström, 2017; Naderi,
2017). These are coupled with the lower rigidity threshold (wt. %) of the charged CNFs. In theory,
the implication would be that while the viscoelastic properties of MCNF were measured at 1.8
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times its rigidity threshold, those of CMCNF and TCNF were respectively measured at 3.8 and
12.5 times their rigidity threshold. Therefore, the combination of network structure and surface
charges on CMCNF and TCNF compared to those on MCNF led to the observed greater critical
strain required to cause a nonlinear response by these materials.
Figure 5.20: An overlay of amplitude sweeps from all the pre-treated CNFs
Table 5.4: Summary of rheological data from the pre-treated CNFs at 1 wt. % solid loading
Sample
Rigidity threshold
(4×Φc , wt. %)
G’ (Pa) at 0.3-0.4
% strain
Critical strain
(%)
tan δ at 50
rads−1
MCNF 0.56 146 0.7 0.16
CMCNF 0.26 268 5.4 0.08
TCNF 0.08 356 5.7 0.07
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Figure 5.21: An overlay of frequency sweeps from all the pre-treated CNFs
The trend observed from the amplitude sweeps was also seen in the frequency sweeps, with
the morpholine pre-treated CNF having a lower G’ value compared to the charged CNFs, as
shown in Figure 5.21. The storage moduli were relatively independent of the angular frequency
for all the pre-treated CNFs. Also, the loss value (tan δ = G”/G’) of all the pre-treated CNFs, as
shown in Table 5.4, is much less than 1. These results confirm the predominantly elastic nature
of the aqueous CNF suspensions (δ≤10°), since purely elastic materials would be expected to
be independent of frequency (Pääkko et al., 2007).
5.4 Summary
The initial swelling of cellulose at various loadings of morpholine and of piperidine revealed
that there is a synergism between both swelling agents and water, which enhanced the swelling
of cellulose. Morpholine showed the greater swelling for cellulose than piperidine and was
chosen to produce CNF. The properties of CNF materials, obtained from morpholine pre-
treatment (MCNF), were investigated and compared with the properties of CNFs made from
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carboxymethylation (CMCNF) and from TEMPO-oxidation (TCNF) pre-treatments, under the
same mechanical processing conditions. Surface chemical analyses indicated that morpholine
pre-treatment did not modify the surface of cellulose, in contrast to the carboxymethylation
and the TEMPO-mediated oxidation processes, which attached anionic groups to the cellulose
surface.
The never-dried cellulose, when swollen in aqueous morpholine as well as when carboxy-
methylated or TEMPO-mediated oxidised, was easily fibrillated upon mechanical shearing.
Increasing the number of passes through the high shear homogeniser led to a linear increase
in the storage modulus of MCNF. An initial increase in the storage modulus was observed on
increasing the number of passes for CMCNF and for TCNF (1-2 passes). Further increases in the
number of passes led to a decrease in the storage modulus. This consequence was attributed to
a reduction in fibril length, leading to reduced network entanglement.
The crystallinity and thermal stability of MCNF were not as greatly affected by the pre-
treatment process as were the CMCNF and TCNF. The fibril widths of the MCNFs were broadly
similar to those of the CMCNF and TCNF, while the lower estimated aspect ratio of the MCNFs
compared to CMCNF and TCNF can be attributed to the possible differential sedimentation of
fibrils due to the presence of a few larger fibrils. The presence of electrostatic repulsive forces
and the lower rigidity threshold of the CMCNF and TCNF also resulted in higher viscoelastic
moduli (G’) and critical strains compared to those of MCNF, whose viscoelastic behaviour
arises from the network entanglements. The morpholine pre-treatment method uses only one
chemical, which can be recovered and re-used, compared to the other pre-treatment processes
used in this study, which make use of greater amounts of chemicals, having lower potential for
recycling. The unmodified MCNF, having maintained its crystallinity and thermal stability, can
find applications as polymer reinforcements, as starting materials for acetylation, silylation, and
acylation reactions to impart hydrophobic properties, and as structuring materials/rheology
modifiers.
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Development of Sodium Alginate (SA)
Hydrogel Matrices
6.1 Introduction
Polysaccharidic biopolymers such as alginates, cellulose, chitosan, chondroitin sulphate and
hyaluronic acid have been widely researched for applications in biomedical (Aravamudhan et al.,
2014), pharmaceutical/drug delivery (Cardoso et al., 2016), packaging (Hubbe et al., 2017), and
agricultural fields (Guilherme et al., 2015). These materials provide potentials for low cost and
sustainable products because of their ubiquitous sources of extraction. Moreover, their inherent
non-toxic, biocompatible and biodegradable properties have made them highly recommended
for biomedical applications such as bone and tissue regeneration (Park et al., 2017), wound care
dressings (Sood et al., 2014; Leppiniemi et al., 2017) and in the delivery of various drugs and
growth factors (Aravamudhan et al., 2014; Augst et al., 2006).
Naturally occurring in seaweed and in brown algae, alginic acid is a linear unbranched
polymer consisting of β-D-mannuronic acid (M) and α-L-guluronic acid (G) repeat units. These
are arranged in a chain sequence of MM, GG or MG as shown in Figure 6.1 (Augst et al., 2006).
These repeat units possess carboxylic acid pendant groups, which when converted to the
sodium carboxylate form are known as sodium alginate (SA). Conversion to sodium carboxylate
renders the polymer hydrophilic and highly soluble in water (Pawar and Edgar, 2012). The
carboxyl groups, during ionic crosslinking exchange the monovalent sodium ion for divalent
ions such as Ca2+, Ba2+ in the well-known “egg-box” model (Pawar and Edgar, 2012; Augst
et al., 2006). This results in relatively stable network structures in the form of films, sponges,
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aerogels and hydrogels. Hydrogels are three-dimensional network materials that are capable
of absorbing large amounts of fluid without dissolving and are therefore topical materials for
various biomedical applications (Ahmed, 2015).
Figure 6.1: Structure of alginic acid showing the GG, MM, and MG chain sequence
It has been generally reported that only the guluronic acid groups are involved in the ionic
crosslinking (Draget et al., 1997). Therefore, the properties of the resulting network structure
are influenced by the amount of guluronic acid residue, the types of crosslinking ions, the
concentration of crosslinking ions, the temperature, the time and the method of gelation (Draget
et al., 1997; Kuo and Ma, 2001; Vicini et al., 2017).
Calcium ions are mostly used for the ionic crosslinking of SA. These ions have been intro-
duced internally within the SA solution from a slurry of a CaCO3-D-glucono-δ-lactone system
(Kuo and Ma, 2001), diffused from internally dispersed Ca2+ enriched microbeads (Vicini et al.,
2015; Vicini et al., 2017), diffused from a bath of CaCl2 solution (Ma et al., 2017; Smyth et al., 2018)
or sprayed onto the SA solution (Lin et al., 2014). The use of internal gelation in SA crosslinking
has been reported to result in controlled gelation process, unlike external gelation/diffusion
which usually results in spontaneous crosslinking and the creation of heterogeneous materials,
characterised by a hard outer shell and soft inner core (Kuo and Ma, 2001). To reduce the rate of
diffusion and gelation, Bajpai et al., 2016 added an SA solution to an 8 kDa molecular weight cut
off dialysis membrane, before crosslinking in a bath of CaCl2. The study shows that the gelation
process started from the outer circumference of the SA solution before gradually diffusing into
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the inner core (Bajpai et al., 2016). However, the homogeneity of the resulting hydrogel, prepared
using this method, was not investigated.
In this study, calcium-ion-enriched agar gels were used for the homogenous crosslinking
of SA solution to yield a hydrogel matrix that can be used for further composite formulation.
This method was adapted from that of Stagnaro et al., 2018. The experimental temperatures
and the duration of crosslinking needed to produce homogeneously crosslinked hydrogels were
established from homogeneity tests. The best conditions were then adopted in further studies
of the effects of the calcium ion concentration on the swelling and mechanical properties of two
SA concentrations. The swelling properties and mechanical properties were studied because
these two properties are highly desired in hydrogel compositions, being known to relate to each
other indirectly (Augst et al., 2006).
6.2 Experimental
6.2.1 Materials
Medium viscosity SA from brown algae, with an average molecular weight ranging from 80,000 to
120,000 g/mol and composed of approximately 61% mannuronic and 39% guluronic acid (M/G
ratio of 1.56) was used as received from Sigma-Aldrich. Calcium chloride was also purchased
from Sigma Aldrich. Agar powder, from BD Difco, was used for the gel moulds. Deionised water
was used throughout the experiment.
6.2.2 Preparation of agar gel moulds and alginate hydrogels
2 wt. % and 3 wt. % SA solutions were prepared by dissolving the appropriate amounts of SA
powder in water under continuous stirring for 2h using a magnetic stirrer. 1 wt. % agar was
boiled in 0.1 M, 0.5 M and 1 M CaCl2 solutions respectively to dissolve the agar. Then 15 g of the
agar solution was weighed into 55 x 15 mm petri-dishes and allowed to gel at room temperature
for not less than 1h. After complete gelation of the agar solution, cylindrical glass cutter with a
28 mm internal diameter was used to create wells within the agar gels.
4.5 g of the SA solutions were added into the wells created within the agar gels. A rectangular
glass slab was gently placed on top of the SA solution to prevent bulging of the gels during
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crosslinking. The petri-dishes were covered with a paraffin film and petri-dish lid to minimise
the loss of water and the samples allowed to crosslink. At the end of the crosslinking process, the
gels were thoroughly washed in deionised water and swollen to equilibrium. The effect of the
temperature and the duration of crosslinking on the properties of the SA hydrogels were studied
at 4 °C, 25 °C and 37 °C for 24h, 48h and 72h using, 2 wt. % of SA crosslinked in 0.5 M CaCl2. The
chosen temperatures respectively represent the temperature of a laboratory refrigerator, room
temperature and the temperature of the human body. Photographic images of the preparation
process are shown in Figure 6.2.
1 2 3
Figure 6.2: Photographic image of the calcium ion enriched agar well (1), SA in agar well (2)
and SA after 24h crosslinking (3)
6.2.3 Equilibrium swelling of SA hydrogels
Prior to property characterisation, all samples were swollen to equilibrium. The swelling regime
was carried out on never-dried hydrogels in water, with the aim of characterising the network
structure of the hydrogels. The onset of equilibrium swelling from never-dried hydrogels in
water was considered to be part of the washing process. This was because of the initial weight
loss that was identified as the residual calcium chloride leached out of the hydrogels, after which
an increase in weight was observed. The weight of the equilibrium-swollen hydrogel (Wswol l en)
at time (h) and that of the oven-dried weight (Wdr y ), after swelling, were recorded and used in
the calculation of the mass swelling ratio (Q), using the relationship given in Equation 6.1.
Q = Wswol l en
Wdr y
(6.1)
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6.2.4 Homogeneity test
A facile homogeneity test (Kuo and Ma, 2001) was carried out on the equilibrium swollen SA
hydrogels to study the effect of the crosslinking temperature and duration on the uniformity
of the crosslinks that were formed within the hydrogels. The tests were carried out for 2 wt. %
SA samples in 0.5 M CaCl2 at 4 °C, 25 °C and 37 °C, for 24h and those prepared at 4 °C for 24h,
48h and 72h. Since the crosslinking process occurred through the diffusion of the calcium ions
from the agar gel into the SA solution, it was expected that the outer circumference of the SA
solution in the mould would be crosslinked before the inner circumference. The cylindrical
hydrogels were cut perpendicularly into three approximately equal masses and labelled as 1, 2,
and 3, (see Figure 6.3). The aliquot hydrogels, labelled 1 and 3, were mainly composed of the
outer geometry of the hydrogels, while the aliquot labelled 2 was composed of the mid portion
of the hydrogel. Afterwards, the aliquots were dried and the polymer weight fractions, (the ratio
of dry cut to swollen cut) were reported. All results are presented as mean values ± standard
deviation.
Figure 6.3: Photographic image of 1, 2 and 3 cuts of the hydrogels used in homogeneity test
6.2.5 Compression tests
The equilibrium-swollen hydrogels were carefully cut using an 8 mm diameter metal cutter
in a pool of deionised water, just before the compression tests, to prevent them from drying
out. The sample height varied between 5.3 mm to 6.2 mm, with an average diameter of 8 mm.
The samples were compressed to 4.3 – 5.2 mm (i.e. compression gap of 1 mm) at a velocity of
100 µm/s using an 8 mm parallel plate geometry (PP8) on an MCR 301 rheometer (Anton Paar,
Austria). The upper platen was gently lowered until the normal force was in the range between
0 N and 0.01 N. The photographic image of a representative test system is shown in Figure
6.4. Data analysis, theory on rubber elasticity and calculation of effective elastic chains of the
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hydrogels have been described in 4.2.6.4. All results are presented as mean values ± standard
deviation.
Figure 6.4: Photographic image of representative SA hydrogel under compression testing
6.3 Results and Discussion
6.3.1 Gelation and homogeneity
The guluronic acid groups of sodium alginates can bind to calcium ions in the well-known “egg-
box” model to form hydrogels. The crosslinking of SA in CaCl2 by diffusion has been concluded
by some researchers to be characterised by spontaneous and heterogenous gel formation (Kuo
and Ma, 2001). In this study, CaCl2-enriched agar gels were used to control the gelation of SA by
allowing slower diffusion of the calcium ions from the agar gels into the SA solutions. Visual
observations of the hydrogels, characterised by a change from a translucent yellowish colour
to an opaque yellowish colour, showed that the crosslinking process initially began from the
outer circumference of the alginate solution in contact with the agar mould, before gradually
diffusing into the inner circumference of the solution. The 2 wt. % and 3 wt. % SA solutions
crosslinked with 0.1 M CaCl2 took 6 days for the solution to be gelled as determined by visual
changes. Those samples prepared with 0.5 M and 1 M CaCl2 became opaque after being left
overnight at 4 °C.
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The effect of the gelation temperature on the homogeneity of the neat 2 wt. % SA hydrogels,
can be seen from Figure 6.5, crosslinked for 24h at 4 °C, 25 °C and 37 °C. There was no significant
change in the polymer weight fractions across the three cuts of the hydrogels prepared at 4 °C,
as shown in Figure 6.5, indicating homogeneous network formation within the gels. This can
be attributed to the slower diffusion of the calcium ions from the agar gels into the SA solution
at 4 °C, because of the higher viscosity of CaCl2 at lower temperature as shown in the table in
Figure A.10 (OxyChem, 2014). These hydrogels also had reduced shrinkage at the end of the
crosslinking process.
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Figure 6.5: Effect of temperature on the homogeneity of 2 wt. % SA hydrogels crosslinked for
24h
When the 2 wt. % SA solution was crosslinked at 25 °C and at 37 °C, heterogeneous hydrogels
resulted, with the midpoint of the hydrogels (cut number 2, Figure 6.3) having a lower polymer
fraction compared to the outer cuts. The reduction in polymer fraction at the midpoint of the
hydrogels was very significant for those hydrogels that were prepared at 37 °C, directly implying
a greater water content and a reduced crosslinking density. The higher temperature resulted
to rapid crosslinking at the outer circumference of the hydrogel discs, thereby reducing the
amount of calcium ions that penetrated inwards. These results and observations show that the
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temperature of gelation plays a major role in the homogeneity of the resulting hydrogels when
using the agar gel moulds, as has been noted for other SA methods of crosslinking (Draget et al.,
1997; Pawar and Edgar, 2012).
The various durations of gelation at 4 °C do not seem to have had any significant effect on
the polymer weight fractions across the three cuts, as shown in Figure 6.6, implying that the
duration of crosslinking does not affect the homogeneity of the hydrogels at 4 °C. However, this
finding may not apply at other temperatures.
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Figure 6.6: Effect of crosslinking duration on the homogeneity of 2 wt. % SA hydrogels cross-
linked for at 4 °C
6.3.2 Equilibrium swelling ratio
The ability of a polymer network to absorb a suitable fluid is dependent on the packing of the
macromolecules upon crosslinking (Oyen, 2014). The effects of the gelation temperature, the
duration of gelation, the concentrations of SA, and the concentrations of CaCl2 on the equilib-
rium swelling ratio of the never-dried hydrogels were investigated. In this study, equilibrium
swelling point was considered to be the point at which a less than 2% change in the mass of the
hydrogels occurred over a 24h period. A minimum of 5 days was required for the hydrogels to
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attain equilibrium under this condition. Images of a representative hydrogel before washing,
(i.e. after crosslinking) and after washing (i.e. with equilibrium swelling) are shown in Figure 6.7.
Figure 6.7: Representative images of 2 wt. % SA hydrogel after crosslinking and after swelling
Figure 6.8 shows the effect of the gelation temperature on the swelling ratio of 2 wt. % SA
hydrogel crosslinked in 0.5 M CaCl2. Although the homogeneity of the hydrogel crosslinked at
25 °C was poor (Figure 6.6), it had approximately the same swelling ratio as that crosslinked at 4
°C. Increasing the temperature to 37 °C however, reduced the swelling ratio of the SA hydrogel
by 25 %. This could be because of the reduced pore size of the hydrogels resulting from the
spontaneous rate of crosslinking.
Increasing the duration of crosslinking from 24h to 48h and to 72h led to a respective 7 %
and 10 % decreases in the swelling ratios of the 2 wt. % SA hydrogels, as shown in Figure 6.9.
Extensive swelling is a desired hydrogel property. However, this effect is often accompanied by
reduced mechanical integrity of the resulting material. Therefore, depending on the intended
application, a balance between swelling and mechanical properties must be reached to produce
materials that are fit for purpose.
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Figure 6.8: Effect of gelation temperature on the swelling ratio of 2 wt. % SA hydrogel
Figure 6.9: Effect of duration of crosslinking on the swelling ratio of 2 wt. % SA hydrogel
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Having established the homogeneity of SA hydrogels prepared at 4 °C and at 24h, these
conditions were kept constant and used in investigations of the effect of the SA loadings and
CaCl2 concentration on the swelling ratio of SA hydrogels. The results are shown in Figure 6.10.
At all the concentrations of calcium chloride, the swelling ratios of 2 wt. % SA were greater
than those of 3 wt. % SA. This is because of the lesser amount of guluronic acid groups that
are available for crosslinking at 2 wt. % SA, giving rise to a lesser dense network structure and
greater water uptake. However, on increasing the concentration of the calcium chloride from
0.1 M to 0.5 M and to 1 M, the swelling ratios of both the 2 wt. % and 3 wt. % SA decreased. This
indicates an increase in the network density and a decrease in the pore sizes of the networks as
more calcium ions bind to the guluronic acid groups.
Figure 6.10: Effect of SA loading and of the calcium chloride concentration on the swelling
ratio of SA hydrogels
6.3.3 Compressive modulus of SA hydrogels
The mechanical properties of the hydrogels were characterised by carrying out compression
testing on the equilibrium-swollen forms. A representative plot of stress vs deformation factor
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from the 2 wt. % SA hydrogels is shown in Figure 6.11. All hydrogels that were tested showed
a “toe” region at the beginning of the test, up to 10-20 % deformation, before showing a linear
relationship between the stress and the deformation factor. The “toe” region manifests itself
because of imperfect hydrogel surface as the upper platen of the rheometer makes contact with
the entire area of the hydrogel cylinder (Muniz and Geuskens, 2001). It was observed that a 0.1
N normal force was enough to ensure good contact with the hydrogels. Subsequently, the data
set were corrected by subtracting the value of the stress and the deformation factor at 0.1 N from
all data sets, to obtain the plot shown in Figure 6.12. A linear fit of the plot was then obtained
using OriginPro 2018 software. The slope of this plot is the compressive modulus (G), which
was further used to calculate the elastically effective chain (νe ). This is the chain ends that are
connected to the active cross-links (Akagi et al., 2011), represented as the point a-d in Figure
6.13A and is analogous to a cross linking density.
Figure 6.11: Original stress vs deformation factor plot, showing the “toe” and linear regions
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Figure 6.12: Corrected stress vs deformation factor plot
A B C
Figure 6.13: Network formation in ideal chemical crosslinking (A) non-ideal chemical cross-
linking (B) and in ionic crosslinking in alginates (C). Arrow heads represent a continuous
chain.
The concept of elastically effective chains has been extensively studied for swollen, chemic-
ally crosslinked rubber by Flory, 1953 but has also been applied in hydrogels systems (Muniz
and Geuskens, 2001; Sannino et al., 2005; Stagnaro et al., 2018). In an ideal network formation,
upon chemical crosslinking, there is a four-point linkage between functional groups, as shown
in Figure 6.13A (Oyen, 2014). The points labelled a-d indicates the effective crosslink that is
contributing to the mechanical properties of the material. However, in the non-ideal case, the
presence of knots, loops and chain ends leads to imperfect networks, as shown in Figure 6.13B
(Oyen, 2014; Flory, 1953). The scenario however can be harder to predict in physically entangled
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networks and in ionically crosslinked polymers, of which SA hydrogels belong to (Figure 6.13C).
Therefore, the elastically effective crosslinks presented in this thesis may not be an absolute
value but only an estimation.
The effects of the temperature of gelation, the duration of gelation, the loading of the SA and
the concentration of the calcium chloride on the mechanical properties and on the elastically
effective crosslinking density (νe ) of the hydrogels were investigated. An increase in gelation
temperature from 4 °C to 25 °C and to 37 °C resulted in a respective 31 % and 22 % decrease in
the compressive modulus of the SA hydrogels, as shown in Figure 6.14. It would be expected that
the hydrogels that were prepared at higher temperatures, having a lower swelling ratio would
also have a greater compressive modulus. This was not the case and might be because of the
inhomogeneity of these hydrogels, as previously discussed in Section 6.3.1. This assumption
can be substantiated by the low number of effective crosslinks of these hydrogels as seen in
Figure 6.14. These results further confirm the significance of the gelation temperature on the
overall properties of the SA hydrogels.
Figure 6.14: Effect of gelation temperature on the compressive modulus and νe of 2 wt. % SA
hydrogels
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The effect of the duration of gelation at 4 °C on the mechanical properties of the SA hydrogels
was not as pronounced as that of the temperature of gelation, as shown in Figure 6.15. The
compressive moduli and the effective crosslinks of hydrogels that were crosslinked for 24h
and those crosslinked for 48h were not significantly different, even though there was a 7 %
reduction in swelling after 48h of crosslinking. However, after 72h of crosslinking, there was a
14 % increase in compressive modulus of the hydrogels when compared with those that were
allowed to crosslink for 24h. The large errors in the compressive modulus and νe show the
lack of reproducibility of these hydrogel properties after 72h of crosslinking. The increase in
compressive modulus, after 72h of crosslinking, is responsible for the low swelling ability of the
hydrogel. As a consequence of these results, 4 °C and 24h swelling period were chosen as the
conditions for subsequent hydrogel preparations.
Figure 6.15: Effect of crosslinking duration on the compressive modulus and νe of 2 wt. %
SA hydrogels
In addition, the effects of two SA loadings (2 wt. % and 3 wt. %) and three calcium chloride
concentrations (0.1 M, 0.5 M and 1 M) on the compressive modulus and on the elastically
effective chains were studied. Figure 6.16 shows the effect of varying the calcium chloride
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concentration on the compressive modulus of 2 wt. % SA samples. Increasing the calcium
chloride concentration led to an increase in the compressive modulus and in the effective
crosslinks. This increase in mechanical properties was more pronounced when the calcium
chloride concentration was increased from 0.1 M to 0.5 M, but minimal with a further increase
to 1 M. The implication is that 0.5 M calcium chloride was sufficient for the crosslinking of the
guluronic acid groups that are present in the SA solutions, to yield hydrogels having adequate
mechanical and swelling properties. At 0.1 M calcium chloride however, some free and unbound
guluronic acid groups would still be present within the hydrogel. This results in a large uptake
of water by these groups and subsequently low compressive modulus, as seen in Figure 6.16,
whereas, 1 M calcium chloride concentration resulted in hydrogels having highly reduced
swelling and an increased compressive modulus compared to those crosslinked in 0.1 M.
Figure 6.16: Effect calcium chloride concentration on the compressive modulus and νe of 2
wt. % SA
Similar mechanical behaviour was also observed for the 3 wt. % SA sample on increasing the
concentration of calcium chloride from 0.1 M to 0.5 M, as shown in Figure 6.17. The explanation
given for the effects of calcium ion concentration on the compressive modulus at 2 wt. % SA
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also applies to the 3 wt. % SA. Increasing the concentration of calcium chloride to 1 M led to a
slight decrease in the compressive modulus and in the effective crosslinks for the 3 wt. % SA
hydrogels. This could be because of network imperfections (Flory, 1953), manifest as knots
and loops at higher concentrations of calcium chloride. Such imperfect networks were not
observed with 2 wt. % SA because of the lower concentration of guluronic acid groups that
are available for crosslinking in comparison to that of the 3 wt. % SA. The smaller amount of
guluronic acid groups in the 2 wt. % SA also explains the lower compressive modulus, the lower
effective crosslink values and higher swelling ratio when compared with those available in the 3
wt. % SA.
Figure 6.17: Effect calcium chloride concentration on the compressive modulus and νe of 3
wt. % SA
6.4 Summary
The effects of the temperature and the duration of crosslinking on the homogeneity, swelling
and compressive modulus of SA hydrogels were studied using 2 wt. % SA crosslinked in 0.5
M CaCl2. Results reveal that the temperature of gelation greatly affects the properties of SA
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hydrogels. Homogeneous character, good swelling properties and good mechanical properties
were seen for hydrogels prepared at 4 °C when compared with those prepared at 25 and at 37 °C.
This effect was attributed to the slow rate of diffusion of the calcium ions at low the temperature.
Upon establishing the experimental conditions, the effect of varying concentrations of calcium
chloride on the swelling and on the mechanical properties of two SA loadings were studied.
The results show that for both loadings of SA, there was a remarkable change in the swelling
and in the mechanical properties of the hydrogels when the concentration of calcium ion was
increased from 0.1 M to 0.5 M. However, a further increase from 0.5 M to 1 M did not result in
positive effects on SA hydrogel properties. Based on the results gathered, 2 wt. % SA crosslinked
in 0.5 M CaCl2 for 24h at 4 °C, was chosen as the matrix for composite formulation with CNF
materials.
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Sodium Alginate/Cellulose Nanofibril
Hydrogel Composites
7.1 Introduction
Sodium alginate (SA) is a biopolymer with many potential uses as highlighted in Section 6.1,
whose applications might be improved by incorporating cellulose nanofibrils (CNF) to enhance
their mechanical properties. Two types of CNF (see Chapter 5), surface modified and unmodified,
were investigated in SA hydrogels (Onyianta et al., 2018b) and presented herein.
Regardless of the gelation method that was used to crosslink sodium alginate, the use of lower
concentrations of crosslinking ions leads to a material possessing high moisture absorbance
and low mechanical properties. Increasing the concentration of the crosslinking ions, however,
results in a material with low swelling properties and high mechanical properties (Augst et
al., 2006). These effects of the concentration of crosslinking ion on swelling and mechanical
properties of alginate hydrogels were presented in Chapter 6. Good mechanical and significant
swelling properties are, however, two desirable hydrogel properties. In order to achieve the
properties that would be fit for specific applications, many studies have focused on formulating
blends of alginates with synthetic polymers and naturals polymers (Kong and Mooney, 2003;
Lee et al., 2004; Augst et al., 2006). These alginate-based composites can be formulated in the
form of films, sponges and hydrogels (Augst et al., 2006).
Interest in SA/nanocellulose blends in particular has increased. This is mainly because of
the reinforcing abilities of nanocellulose (Huq et al., 2017; Lin and Dufresne, 2014; Ma et al.,
2017; Smyth et al., 2018). These blends of SA and nanocellulose were mostly prepared by the
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external gelation method using a bath of CaCl2 solution. This is a fast gelling method producing
possible areas of localised gelation. Hence, the use of calcium chloride-enriched agar wells in
this study for the preparation of homogeneous SA hydrogels, as previously described in Chapter
6.
It was reported (Lin et al., 2012) that the carboxyl groups on TEMPO-mediated oxidised
nanocellulose participate in the crosslinking process alongside the Ca2+ ions. Therefore, it was
of interest to investigate whether or not it was true for carboxymethylated CNF. In addition,
studies of the way the presence or absence of surface charges of the CNF, and varying amounts
of CNF, might affect the elastically effective crosslinking chains of SA hydrogel are still lacking.
In this study, the effects of unmodified CNF and of surface modified CNF on the surface
interaction, the thermal stability, the equilibrium swelling, the storage modulus, the compressive
modulus and the morphology of alginate hydrogels were investigated. A modified Flory’s
equation (Flory, 1953) for the deformation of a swollen polymer network, based on the affine
network model, was used to calculate the effects of the two types of CNF on the elastically
effective chains of the SA hydrogels at varying loadings.
The affine network model assumes that macromolecular deformation of a network structure
directly translates to the deformation of the elastically effective chains within the structure.
This model has been used to characterise the elastically effective crosslinks of other hydrogel
materials, from natural origins and from synthetic origins (Muniz and Geuskens, 2001; Sannino
et al., 2005). As pointed out in Section 6.3.3, the values quoted for the elastically effective
crosslink is only an estimation because of the complexities associated with ionically crosslinked
network materials, such as alginate hydrogels.
7.2 Experimental
7.2.1 Materials
Medium viscosity SA from brown algae, with an average molecular weight range from 80,000 to
120,000 g/mol, composed of approximately 61% mannuronic and 39% guluronic acids (M/G
ratio of 1.56), and calcium chloride (CaCl2) were used, as received from Sigma-Aldrich. Agar
powder from BD Difco was used for the gel moulds. Two types of aqueous CNF suspensions (1
wt. %) prepared as described in Chapter 5 were used to prepare SA-CNF dispersions at different
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loadings relative to the SA solid content. The first CNF was produced using aqueous morpholine
pre-treatment before mechanical processing (MCNF), had negligible surface charge (37 µmol/g)
and represent an unmodified CNF. The second CNF that was prepared by carboxymethyla-
tion pre-treatment before the mechanical processing (CMCNF), had 550 µmol/g of anionic
carboxymethyl groups on its surface and represent a modified CNF.
7.2.2 Preparation of SA solution and SA-CNF dispersions
2 wt. % SA solution was prepared as a control by dissolving the appropriate amount of SA powder
in water under continuous stirring for not less than 2h using a magnetic stirrer. 100 g SA-CNF
dispersions were prepared by weighing out appropriate amounts of the CNF suspension into a
beaker, diluted with the required amount of water and stirred. A constant mass of 2 g SA powder
was then added to the diluted CNF suspension to make 2 wt. % SA having various wt. % of
MCNF or CMCNF relative to the dry mass of SA.
Initially, 1, 3, 5, 7, 10, 15, and 20 wt. % loadings of MCNF were investigated for changes in
storage modulus of SA with varying CNF content. However, trends in material properties were
only identifiable when the wt. % of CNF were in multiples of 2, i.e., 5, 10 and 20 wt. % of MCNF
or CMCNF. These samples only are presented and are designated as SA-MCNF-5, SA-MCNF-10,
SA-MCNF-20, SA-CMCNF-5, SA-CMCNF-10 and SA-CMCNF-20. The use SA-CNF in this chapter
implies both SA-MCNF and SA-CMCNF hydrogels. The amounts of CNF added and the total
amounts of water in a 100 g dispersion are shown in Table 7.1.
Table 7.1: Amount of each component in each formulation of SA/CNF dispersion
Percentage loading of
MCNF/CMCNF (wt. %)
Amount of 1 wt. % aqueous
CNF suspension (g)
Amount of CNF
solid (g)
Water (g)
5 10 0.1 97.9
10 20 0.2 97.8
20 40 0.4 97.6
7.2.3 Shear viscosity measurements of the alginate/CNF dispersions
The viscosity of the SA-CNF dispersions was tested, before ionic crosslinking, using a 27 mm
concentric cylinder geometry on an MCR 301 rheometer (Anton Paar, Austria). Flow sweeps
were carried out in the shear rate range of 0.1 s−1 to 1000 s−1 at 20 °C
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7.2.4 Preparation of agar gel moulds and of SA-CNF hydrogels
The general methods and amounts used for the preparation of SA hydrogels (Section 6.2.2) were
adopted for SA-CNF composite hydrogels. 2 wt. % SA, having no added CNF, was crosslinked
in 0.5 M CaCl2 at 4 °C, for 24h and henceforth referred to as the neat SA hydrogel. The SA-CNF
dispersions prepared in Section 7.2.2 were used to prepare the composite hydrogels using the
same conditions as the neat SA hydrogels.
7.2.5 Equilibrium swelling of the never-dried hydrogels in water
The method used for equilibrium swelling of SA hydrogels (Section 6.2.3) was used for SA-CNF
composite hydrogels.
7.2.6 Fourier transform infrared spectroscopic (FTIR) analysis
The interactions between the alginate and the two types of CNF, at different loadings, were
studied using dried samples and a Frontier FTIR (Perkin Elmer, USA), in the attenuated total
reflectance (ATR) mode. Spectral data were collected from 4000 to 500 cm−1, after 8 scans.
7.2.7 Thermogravimetric analysis
Dried hydrogel composites were thermogravimetrically analysed using a Mettler Toledo TGA/DSC1
Star System (Mettler Toledo, Switzerland). 5 mg – 5.8 mg of samples were heated from 25 °C
to 600 °C, at a constant heating rate of 10 °C/min, under a constant nitrogen flow rate of 80
mL/min
7.2.8 Linear viscoelastic measurements of the hydrogels
The linear viscoelastic properties of equilibrium swollen hydrogels were analysed using a 25 mm
parallel plate geometry on an MCR 301 rheometer (Anton Paar, Austria). A limited amplitude
sweep was first conducted from 0.001 % to 0.2 % shear strain at 1 Hz frequency in order to
determine the linear viscoelastic region (LVR). This was followed by three frequency sweeps: an
initial sweep from 1 Hz to 10 Hz, followed by a second sweep from 0.1 Hz to 50 Hz and, finally, a
third sweep from 1 Hz to 10 Hz, all carried out at 0.01% shear strain. The repeated frequency
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sweeps were carried out to verify whether the samples are within their LVR during the frequency
sweeps. This would appear as an overlap of the three frequency sweeps. Each sample was tested
in duplicate. Since the three frequency sweep regimes were overlapping for all the samples,
only the mean values of the second frequency sweep (0.1 Hz to 50 Hz) are hereby reported. A
representative image of the SA-based hydrogel under test is shown in Figure 7.1.
Figure 7.1: Image of 2 wt. % SA hydrogel under viscoelastic test
7.2.9 Mechanical measurements of the hydrogels by uniaxial com-
pression tests
The method, analyses and theoretical treatments that were used for compression testing of
SA hydrogels (Section 4.2.6.4) were also used for the SA-CNF composite hydrogels. For the
conversion of the weight fraction to the volume fraction of CNF, 1.5 g/cm3 was used as the
density of CNF.
7.2.10 Morphological assessments
Morphological investigations of the cross-sections of freeze-dried SA and SA-CNF hydrogels were
carried out using FE-SEM, Zeiss Supra 40 VP. The freeze-dried, equilibrium-swollen hydrogels
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allow the probing of network structures created within a hydrogel during the crosslinking process.
Prior to the image analysis, all samples were obtained as fragile fractures in liquid nitrogen and
were thinly sputter-coated with carbon, using Polaron E5100 sputter coater. The pore sizes of
the hydrogels were measured from the FE-SEM images using image analysis software, (ImageJ).
7.2.11 Statistical analysis
Results are presented as average values ± the standard deviation. Each loading of either MCNF
or CMCNF was compared to that of the alginate using two-sample t-test on OriginPro 2018
software. The difference between means is considered significant when p ≤ 0.05.
7.3 Results and Discussion
7.3.1 Effects of CNF materials and loadings on the shear viscosity of
alginate-based dispersions
Shear flow measurements were carried out to study the effects of CNF materials on the viscosity
of 2 w. % SA solutions. Figure 7.2 and Figure 7.3 show the respective overlay of the flow curves
of the aqueous SA solution with those of the SA-MCNF and SA-CMCNF dispersions at various
percentage loadings of the CNF materials. Both the neat SA solution and the SA-CNF dispersions
display shear thinning behaviour. Increasing the percentage loadings of the two types of CNF
materials resulted in an increase in the viscosity of the dispersions at shear rates below 10
s−1. These CNF materials have an interconnected and entangled network structure, which
increased the overall viscosity of the dispersion as its content was increased (Onyianta et al.,
2018a). However at higher shear rates the intermolecular forces and entanglements within these
composite materials become disrupted, leading to the observed shear thinning behaviour (Ma
et al., 2017).
The viscosity of dispersions with either 5 wt. % MCNF or 5 wt.% CMCNF were similar.
However, at greater percentage loadings of CMCNF, the viscosity of the SA-CMCNF dispersions
became greater than those of SA-MCNF. It would be reasonable to assume that at higher loadings
of CMCNF, the electrostatic repulsive forces, brought by the anionic charges on CMCNF begin
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to contribute more to the viscosity of the SA-CMCNF dispersions. Hence, much greater viscosity
values are observed at lower shear rates.
Figure 7.2: Overlay of viscosity curves from 2 wt. % SA and SA-MCNF dispersions
Figure 7.3: Overlay of viscosity curves from 2 wt. % SA and SA-CMCNF dispersions
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7.3.2 Surface interaction: FTIR analysis
FTIR analysis was carried out to probe interactions between the sodium alginate and the two
types of CNF, upon crosslinking. The overlay of the FTIR spectra for SA-MCNF and SA-CMCNF
composite hydrogels is shown in Figure 7.4 and Figure 7.5 respectively. All the spectra from the
composite hydrogels presented the same peaks as the alginate matrix. The broad peaks that
were identified in all the spectrum between 3227-3335 cm−1 were assigned to the O-H stretching
vibrations, while the peaks identified between 2924 - 2902 cm−1, 1590 - 1587 cm−1, 1414 - 1411
cm−1 and 1024 -1015 cm−1 were assigned to the C-H, COO– (asymmetric), COO– (symmetric)
and C-O stretching vibrations respectively (Sirviö et al., 2014).
Figure 7.4: FTIR spectra overlay of SA-MCNF composite hydrogels with each of the 2 wt. %
SA and MCNF starting materials
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Figure 7.5: FTIR spectra overlay of SA-CMCNF composite hydrogels with each of the 2 wt. %
SA and CMCNF starting materials
A shift in the O-H stretching vibration to higher wavenumbers was seen for SA-MCNF-10
and SA-MCNF-20 (from 3227 to 3264 cm−1) and for SA-CMCNF-10 and for SA-CMCNF-20 (from
3227 to 3266 cm−1), indicating an increase in the O-H functional groups, as the percentage
loadings of both CNFs increased. There were significant shifts to lower wavenumber in the
C-O peak from 1024 cm−1 to 1020 cm−1, and 1024 cm−1 to 1017 cm−1 for SA-MCNF-10 and
SA-MCNF-20, respectively. A similar shift to a lower wavenumber of the C-O peak size was
seen with an alginate film having 50 % of microfibrillated cellulose and was attributed to an
interaction between the alginate and the residual hemicellulose (Sirviö et al., 2014). However,
the conclusion of the authors cannot be adopted in this case as the cellulose material used
for the preparation of the MCNF was from dissolving pulp, having a negligible hemicellulose
content. These shifts toward lower wavenumbers at these percentage loadings imply that there
is an interaction between the alginate and the MCNF at lower bond energies in comparison with
the pure alginate.
It was of interest to investigate whether or not the carboxymethyl groups of CMCNF, at the
amounts studied, interacted with the alginate in such a way as to contribute to ionic crosslinking
as has been reported for the carboxyl groups of TEMPO-mediated oxidised CNF (Lin et al.,
2012). This would be observed as a shift in the asymmetric peaks and symmetric peaks of COO–
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groups. There was a 3 cm−1 shift to higher wavenumber for SA-CMCNF-20. This is considered
to be statistically significant based on the two-sample t-test statistical analysis. Therefore, it
can be deduced that there is an interaction between the alginate and the CMCNF at the COO–
functional groups for SA-CMCNF-20, which may make some minor contribution to any ionic
crosslinking. There was no significant shift in the peaks of all other observable functional groups
of alginates on the addition of CMCNF at different percentage loadings.
7.3.3 Thermal stabilities of the SA/CNF hydrogel composites
Thermogravimetric analyses were carried out to investigate the effect of the CNF materials on
the thermal properties of SA hydrogels. The thermograms of the SA-MCNF and of SA-CMCNF
composite hydrogels are overlaid in Figure 7.6 and Figure 7.7 respectively, alongside that of the
alginate starting material and each of the CNFs used. For the sake of clarity, the weight loss
occurring below 100 °C because of moisture loss was ignored.
The onset degradation temperature of SA is 232 °C. This remained insignificantly affected
on the addition of CNF materials. The onset degradation temperatures of MCNF and of CMCNF
material are, however, 312 °C and 262 °C respectively. The lower onset degradation temperature
of CMCNF compared to that of MCNF is because of the carboxymethylation process, known to
reduce the thermal stability of cellulose (Britto and Assis, 2009).
The effect of the different loadings of the CNF materials can be seen from the DTG curves.
The peak degradation temperature of the neat SA hydrogel occurs at 252 °C while the peak
degradation temperature of MCNF and of CMCNF occurs at 361 °C and 318 °C respectively.
However, on the addition of increasing amounts of MCNF, a second degradation temperature
peak similar to that of MCNF appeared. This was also observed when CMCNF was added. It
is noted that as the loading of both CNFs was increased, the height of the SA degradation tem-
perature peak decreased while the height of the CNF degradation temperature peak increased.
Therefore, the presence of CNF materials extended the degradation temperature window of
alginate hydrogels.
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A
B
Figure 7.6: TGA (A) and DTG (B) overlay of 2 wt. % SA, SA-MCNF hydrogels and MCNF
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A
B
Figure 7.7: TGA (A) and DTG (B) overlay of 2 wt. % SA, SA-CMCNF hydrogels and CMCNF
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7.3.4 Effect of CNF loadings on the equilibrium swelling of never-dried
hydrogels in water
The amount of water imbibed by a three-dimensional-network-alginate hydrogel system de-
pends on the amount of free hydrophilic hydroxyl groups that are not participating in ionic
crosslinking and on the degree of crosslinking. In other words, swelling is influenced by the
number of void spaces that are created within the hydrogels, after crosslinking (Draget et al.,
1997). The effects of various loadings of the CNF materials on the degree of swelling of SA
hydrogels from never-dried samples were studied by swelling the hydrogels to an equilibrium
state in water. The results are presented in Table 7.2.
The addition of MCNF at the percentage loadings studied led to an overall significant reduc-
tion in the degree of swelling of SA-MCNF hydrogels in comparison to the neat SA hydrogels.
The least swelling degree was observed for SA-MCNF-5, being 11 % lower than that of the neat
SA hydrogel. A reduction in swelling was also reported by Huq et al., 2012 on the addition of 5
wt. % cellulose nanocrystals to sodium alginate films and was attributed to an increases in the
mechanical property.
Table 7.2: Swelling degree, storage modulus and crosslinking degree parameters of the
alginate-based composite hydrogels
Sample Swelling degree
Storage modulus,
G’ (kPa) @ 1 Hz
mol/cm3
SA 42.6 ±0.8 44.5 ±0.0 7.1E-4 ±2.2E-5
SA-MCNF-5 38.0 ±1.9 56.4 ±4.5 8.5E-4 ±1.9E-5
SA-MCNF-10 40.3 ±1.5 54.6 ±4.8 7.8E-4 ±1.4E-5
SA-MCNF-20 39.2 ±0.4 56.4 ±9.5 5.5E-4 ±1.6E-5
SA-CMCNF-5 44.8 ±0.5 48.9 ±3.4 7.9E-4 ±3.7E-5
SA-CMCNF-10 45.8 ±0.1 50.4 ±0.5 6.8E-4 ±4.6E-5
SA-CMCNF-20 42.5 ±2.2 64.7 ±9.9 6.9E-4 ±7.6E-5
The degree of swelling of SA-CMCNF-5 and SA-CMCNF-10 was significantly improved com-
pared to that of the neat SA. No change in the degree of swelling was observed for SA-CMCNF-20.
Similar increases in aqueous swelling behaviour was observed by Lin et al., 2014 when increasing
the amount of carboxymethylated bacterial cellulose in alginate-based hydrogels. The increase
165
CHAPTER 7. SODIUM ALGINATE/CELLULOSE NANOFIBRIL HYDROGEL COMPOSITES
in swelling was attributed to the presence of the anionic, hydrophilic carboxymethyl groups on
the surface of CMCNF. Those anionic groups that do not contribute to ionic crosslinking result
in electrostatic repulsive forces on the fibre surface, which promote fibre swelling and add to the
overall swelling degree of the hydrogels. These anionic groups are, however, not present on the
surface of MCNF and do not contribute to the swelling, hence the observed reduced swelling.
7.3.5 Effects of the CNF materials on the viscoelastic properties of
the alginate-based hydrogels
The G’ values of the hydrogels at 1 Hz are presented in Table 7.2. In addition, the overlay of
the frequency sweeps of the SA-MCNF composite hydrogels and the SA-CMCNF composite
hydrogels at a constant strain value of 0.01%, are shown in Figure 7.8 and Figure 7.9 respectively.
All the composite hydrogels that were studied presented a greater G’ than G”, an indication of
complete gelled network material (Magami, 2017). In addition, the G’ values of all the hydrogels
are almost independent of the frequency applied, a prevalent characteristic of a gelled network
system.
The addition of 5 wt. % of MCNF led to a 27 % increase in G’ compared to that of the neat
SA hydrogels. Further increases in the percentage loading of MCNF did not have a significant
effect on the storage modulus of the hydrogels. The addition of 5 wt. % of CMCNF led to a
10 % increase in G’ compared to that of the neat SA hydrogel. The greater storage modulus of
SA-MCNF-5 in comparison to that of the SA-CMCNF-5 suggests a superior reinforcing ability of
MCNF compared to CMCNF. The greater storage modulus could also explain the low swelling
degree of SA-MCNF composite hydrogels. Although the increase in G’ was lower for SA-CMCNF-
5, there was a linear and significant increase in the storage modulus on further increase in the
amounts of CMCNF. The significant increase in G’ on the addition of 10 wt. % and 20 wt. % of
CMCNF can be attributed to the presence of the anionic carboxymethyl groups that have the
potentials to contribute to the gel-like behaviour of the alginate, given that carboxymethylated
cellulose (CMC) is a well-known rheology modifier (Hollabaugh et al., 1945).
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Figure 7.8: Overlay of frequency sweeps of 2 wt. % SA and SA-MCNF hydrogels
Figure 7.9: Overlay of frequency sweeps of 2 wt. % SA and SA-CMCNF hydrogels
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7.3.6 Effects of CNF materials on the compressive modulus and elast-
ically effective chains of alginate-based hydrogels
The mechanical properties of the hydrogels were further evaluated by carrying out compression
tests on equilibrium-swollen hydrogels. An overlay of the plot of stress vs deformation factor for
all the hydrogels is shown in Figure 7.10. As with the neat SA hydrogels, all composite hydrogels
tested showed a “toe” region at the beginning of the test because of imperfect surfaces, as shown
in Figure 7.10 (Muniz and Geuskens, 2001). The same data correction that was applied for neat
SA hydrogels was also applied for the composite hydrogels
Figure 7.10: Stress-deformation factor relationship of all hydrogels
The compressive modulus values of SA, SA-MCNF and SA-CMCNF hydrogels are shown
in Figure 7.11. The hydrogel composite materials showed greatest compressive modulus at 5
wt. % MCNF and 5 wt. % CMCNF loadings. The addition of the 5 wt. % MCNF resulted in a 36
% increase in the compressive modulus of the hydrogels relative to the neat SA hydrogel. A 17
% increase in the compressive modulus was observed on the addition of CMCNF at the same
percentage loading. This result confirms that MCNF is more efficient in reinforcing SA than is
CMCNF.
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Figure 7.11: Compressive modulus of 2 wt. % SA-MCNF and SA-CMCNF hydrogels
The SA-MCNF-10 and SA-MCNF-20 hydrogels with their lower swelling degree and higher
storage modulus would also be expected to have greater compressive moduli in comparison
to those of the neat SA hydrogels. However, lower compressive moduli were observed for
these samples. It should be noted that at 10 wt. % (0.002 wt. fraction) and at 20 wt. % (0.004
wt. fraction) MCNF and CMCNF loadings, the fibrils are beyond the respective connectivity
threshold of 0.0014 wt. fraction and 0.00065 wt. fraction (Onyianta et al., 2018a). Therefore,
there is a tendency for the fibrils to form aggregates within the hydrogels, leading to network
imperfections. The compressive deformation that is imposed on the hydrogels appears to be
more sensitive to the fibrillar aggregation occurring at higher percentage loading of the CNF
materials. These fibrillar aggregations and entanglements seems to have offset any reinforcing
capacity that was accrued at the lower percentage loading. The rotational shearing force that was
imposed during the frequency sweeps might not have identified the presence of fibril kinks and
aggregations but could have been able to respond to the increase in the solid-like component
of the hydrogels. Hence, the G’ plateaus or increases linearly when the respective amount of
MCNF and CMCNF is increased.
To elucidate further the effect of the CNF materials on the network structure of the SA hydro-
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gels, a modified Flory’s equation for rubber elasticity was used to calculate the moles per cm3 of
the elastically effective chains within the SA-CNF composite hydrogels. This equation basically
relates the compressive modulus with the inverse of the degree of equilibrium swelling, as shown
in Equation 4.35. The effect of the CNF type and the loading on the moles of elastically effective
chains of the hydrogels is shown in Table 7.2. An increase in the amount of elastically effective
chains of SA-MCNF-5 and SA-MCNF-10 relative to that given by neat alginate was observed.
This increase is an indication of the formation of physical networks, through intermolecular
interactions. However, at 20 wt. % MCNF, aggregation of fibrils began to occur, resulting in the
formation of imperfections, hence the low νe value.
Also, there was an increase in νe for SA-CMCNF-5. However, there was no significant change
in the elastically effective chains of SA-CMCNF-10 and SA-CMCNF-20. Although the FTIR data
analyses suggested that there could be a possible minor contribution in ionic crosslinking for
SA-CMCNF-20, these crosslinks if present, may not have been elastically effective. Thereby
explaining the insignificant change in the compressive modulus of the sample.
7.3.7 Morphological properties of SA-CNF composite hydrogels
The SA hydrogel and composite hydrogels with MCNF and CMCNF were probed using an SEM
to establish the degree and nature of pores created upon equilibrium swelling in water and
on freeze-drying. Cross-sectional images of SA-MCNF and SA-CMCNF at various percentage
loading are shown in Figure 7.12 and 7.13. The pores as measured from these images are sum-
marised in Table 7.3. An obvious observation is the reduction in pore size for samples with 5
wt. % and 10 wt. % MCNF when compared with the neat SA hydrogel. These results agree with
the swelling degree and compressive modulus values. The high pore sizes of SA-MCNF-20 is
however unusual and incoherent with the sample’s swelling and mechanical behaviours. This
could be a result of instrumental or human error that occurred during the acquisition of the
micrographs. For SA hydrogels with CMCNF, an initial increase in porosity is observed for hydro-
gels with 5 wt. % and 10 wt. % CMCNF before a decline in pore size for SA-CMCNF-20 hydrogel.
These results also agree with the swelling degree and compressive modulus observations. The
overall high standard deviations of all hydrogel samples show the non-uniformity of the pore
sizes.
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Figure 7.12: Cross-sectional FE-SEM images of SA hydrogel (A), SA-MCNF-5 (B), SA-MCNF-
10(C) and SA-MCNF-20 (D)
To observe the effects of the type of CNF on the morphology of alginate hydrogels, the neat
SA hydrogels, SA-MCNF-5 and SA-CMCNF-5 hydrogels were selected. These three samples have
a respective average porous sizes of 114 ±46 µm, 84 ±43 µm and 157 ±86 µm. The incorporation
of MCNF into the SA hydrogel resulted in the formation of a rather compact and distinct layered
structure, having a lower average pore size than that of the neat SA hydrogel and the SA-CMCNF-
5 hydrogel, which both had network structures that are more porous. The surface repulsive
carboxymethyl groups, alongside the carboxyl groups on SA, would result in a net increase in
the void spaces within the polymer, leading to larger intake of water. The attractive nature of
the hydroxyl groups on the surface of the MCNF would lead to an increased intermolecular and
intramolecular attraction of the fibrils within the SA-MCNF-5 composite, hence the observed
lower porosity relative to that of the neat SA hydrogel. This explains the reduced water uptake of
SA-MCNF-5 hydrogel when compared to that of SA and that of the SA-CMCNF-5 hydrogels, as
shown in Table 7.3.
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Figure 7.13: Cross-sectional FE-SEM images of SA hydrogel (A), SA-CMCNF-5 (B)SA-CMCNF-
10 (C) and SA-CMCNF-20
Table 7.3: Summary of pore sizes and swelling degree of SA-MCNF and SA-CMCNF hydrogels
Sample Pore size (µm) Swelling degree
SA 114 ±46 42.6 ±0.8
SA-MCNF-5 84 ±43 38.0 ±1.9
SA-MCNF-10 94 ±45 40.3 ±1.5
SA-MCNF-20 288 ±114 39.2 ±0.4
SA-CMCNF-5 157 ±86 44.8 ±0.5
SA-CMCNF-10 265 ±156 45.8 ±0.1
SA-CMCNF-20 118 ±37 42.5 ±2.2
7.4 Summary
The use of calcium chloride-enriched agar gel moulds at 4 °C resulted in the formation of
homogeneously crosslinked alginates. Hydrogen bonding interaction was present between
the SA and CNF materials. However, the amount of CMCNF added may not have caused a
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significant contribution to ionic crosslinking. These interactions led to the extension of the
thermal degradation temperature window of SA-CNF composite hydrogels in comparison to that
of the neat SA hydrogels. The addition of 5 wt. % MCNF led to a 36 % increase in the compressive
modulus, an increase in the range of the elastically effective chains and an increase in the
storage modulus. The SA-MCNF-5 composite hydrogel had a less porous structure because of
the lack of anionic repulsive groups on the surface of MCNF. These contributed to the observed
reduced swelling in water. The presence of anionic carboxymethyl groups on the surface of the
CMCNF led to a slightly improved degree of swelling and a more porous network structure. This
resulted smaller increases in the compressive modulus and elastically effective chains. There
was also an increase in the storage modulus when compared to the neat alginate hydrogel. These
positive effects were observed at lower percentage loadings of the CNFs (5 wt. %). Increasing
the percentage loadings however did not lead to improvement in the material properties of
the hydrogels, due to possible fibril aggregation. Therefore, only 5 wt. % CNF materials would
be required in the preparation of alginate hydrogels that could find applications where good
swelling and mechanical strength would be needed.
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[ Chapter Eight \
Composite Hydrogels of Alginates and
MCNF in Cationic Dye Adsorption
8.1 Introduction
The proof of concept study on the use of the alginate-CNF composite hydrogel material, pre-
pared as described in Chapter 7, for the adsorption of cationic methylene blue dye molecules
from their aqueous solutions, is hereby presented. A general overview of the use of biopolymeric
materials as possible cost-effective adsorbents for the remediation of wastewater effluents is
discussed. The methods, results and discussion of acquired data are also presented, following
analyses using various adsorption models.
For every coloured textile material that is produced, coloured wastewaters are generated. In
some developing countries, where there are stringent but poorly enforced laws on wastewater
disposal, this wastewater is haphazardly discharged into water bodies as a coloured effluent
(Chavan, 2001). This disposal affects the aesthetics of water quality and possibly causes hazards
to the aquatic and human environment. Among the dyestuff that are used in the textile industry,
azo dyes and basic dyes are classified among the more toxic dyes (Chavan, 2001). Basic (cationic)
dyes can interact with anionic cell components and accumulate in cytoplasm upon prolonged
exposure (Dragan and Apopei, 2011). For some dyes, the concentrations causing toxicity may be
high, but their high tinting abilities at low concentrations raise concerns when poorly discharged
(Bayramoglu et al., 2009). This is because clean water should be colourless.
Methylene blue (MB) is a basic dye that is frequently used in blue colouration of cotton
materials (Mohammed et al., 2015). MB is also used for therapeutic purposes. However, when
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present in doses >2mg/kg, the dye can affect the normal heart function and blood flow, turn
urine greenish blue and leading to bluish discolouration of skin and mucosa (Ginimuge and
Jyothi, 2010). Thus, there is a need for effective removal of MB from wastewater.
The use of adsorbents for the sequestration of dyes and heavy metal ion contaminants
provide the potential to create low cost remediation processes. This is because of the ability
to recover and reuse the adsorbents after several adsorption cycles. The most used adsorbent
for the adsorption of wastewater contaminants is activated carbon. However, the somewhat
high cost of the production of activated carbon has led to the search for alternative adsorbing
materials (Googerdchian et al., 2012). Biopolymers such as chitosan (Wan Ngah et al., 2011;
Kyzas and Bikiaris, 2015), alginates (Park and Chae, 2004; Mohammed et al., 2015) and cellulose
(Qiao et al., 2015; Hokkanen et al., 2016) have been studied for adsorption of dyes and heavy
metal ions. Their ability to adsorb these contaminants is mainly based on the presence of
functional groups that not only act as active sites for adsorption, but also provide a substrate for
further surface modification to improve adsorption capacity (Kyzas and Bikiaris, 2015).
The multiple surface modification routes and the enormous amount of chemicals that are
used for the surface modification of biopolymer, e.g. nanocellulose, is alarming (Anirudhan
and Tharun, 2012; Wang et al., 2013). This raises the question of the overall sustainability and
environmental friendliness of the remediation process. Some of the adsorbents that are used
for MB removal are summarised in Table 8.1, where many chemical agents used for adsorbent
preparations are listed. The maximum adsorption capacities of the resulting adsorbents are also
listed.
Composite materials can be prepared from nanocelluloses and biopolymers such as alginate
and chitosan, providing naturally occurring ionic surface groups such that can function as the
adsorption sites. The added nanocellulose would be expected to act as a reinforcement agent,
providing improved structural integrity to the adsorbent and possibly enhancing the adsorption
capacity and reusability. Mohammed et al., 2015 studied the adsorption of methylene blue using
an alginate-cellulose nanocrystals (CNC) composite material. The study revealed improved
adsorption capacities with the incorporation of CNC compared to the alginates alone. It should
be noted that by the virtue of the preparation process for cellulose nanocrystals, sulphate
groups are attached to the surfaces of the crystals. These would contribute to the improved
adsorption capacity. It was then considered to be of interest to study the adsorption of MB using
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homogeneously crosslinked alginate and alginate-unmodified CNF composites.
Table 8.1: Adsorbents used in MB adsorption with their maximum adsorption capacity
Composite adsorbents
Materials for adsorbent
preparation
Langmuir
qmax (mg/g)
References
Activated carbon Commercial grade ca. 400
(Vasanth Kumar
and Sivanesan,
2006)
Montmorillonite clay Commercial grade 289-300
(Almeida et al.,
2009)
Polymer/bentonite
Cellulose, bentonite, Poly
methacrylic acid (PMAA),
N, N’-
methylenebisacrylamide
(MBA), potassium
peroxydisulphate
(K2S2O8)
241
(Anirudhan and
Tharun, 2012)
chitosan-g-poly (acrylic
acid)/vermiculite
Acrylic acid, MBA,
ammonium persulphate,
vermiculite
1685 (Liu et al., 2010)
Sodium
alginate-g-poly(sodium
acrylate-co-
styrene)/illite/smectite
clay
Sodium alginate, Acrylic
acid, styrene, Sodium
n-dodecyl sulphate,
ammonium persulfate,
MBA, Cetyltrimethylam-
monium bromide,
Illite/smectite clays
1843
(Wang et al.,
2013)
Carboxylate
functionalised CNC
Cellulose, sulphuric acid,
maleic anhydride,
pyridine
244
(Qiao et al.,
2015)
CNC-polyurethane foam
Cellulose, sulphuric acid,
dimethylformamide,
triethylamine,
triethanolamine
111
(Kumari et al.,
2016)
CNC-alginate
Cellulose, sulphuric acid,
SA, calcium chloride
256
(Mohammed
et al., 2015)
In this study, freeze-dried SA hydrogels and SA-MCNF-5 hydrogels were used for the ad-
sorption of MB from their aqueous solutions. The SA-MCNF-5 hydrogel was selected over the
SA-CMCNF-5 as it required minimal amount of chemicals for preparation. It is required that any
environmental remediation material should not indirectly add further burden to the environ-
ment because of the use of processes which are not ecologically sustainable. This point concerns
the use of chemicals with low potential to be reused or recycled. An adsorption-desorption
cycle was used to ascertain the reusability of the alginate-based hydrogels in the uptake MB.
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The rates and mechanism of adsorption were obtained from the adsorption capacities of the
adsorbents using the pseudo-first order and pseudo-second order kinetic models. The nature
of the adsorption process was also rationalised using the Langmuir and Freundlich isothermal
models.
8.2 Experimental
8.2.1 Materials
A methylene blue solution, HCl, NaOH, and ethanol were used as received from Sigma-Aldrich.
Freeze-dried SA and SA-MCNF-5 were used as the adsorbent. Ultrapure water was used through-
out the experiments.
8.2.2 Batch adsorption test
The method used for the batch adsorption test was adapted from that of Mohammed et al., 2015.
Thus solutions of 1000, 1400, 1800, and 2200 mg/L of MB were prepared from a 15000 mg/L
stock solution and used as the adsorbate. The solutions were adjusted to a pH of 7 ±0.2 using 0.1
M NaOH and 0.1 M HCl. Batch adsorption tests were carried out using 0.1 g of neat SA hydrogel
or SA-MCNF-5 composite hydrogel in 25 mL adsorbate for 3 hours at an average temperature
of 25 °C, in a temperature-regulated water bath. Aliquots were taken at set times. These were
diluted to various degrees (625 to 50 folds dilutions), depending on the initial concentration of
the MB solution.
8.2.3 Determination of MB concentrations using UV-Vis-NIR
The maximum absorbance of MB is at λmax = 664 nm. MB has the chemical structure shown in
Figure 8.1. MB solutions of known concentrations (1-4 mg/L) were prepared and assessed by
UV-Vis-NIR (Perkin Elmer) to provide the peak absorbance. The peak absorbance was plotted
against the concentration of MB, giving a calibration curve (Figure 8.2). The data were fitted to a
linear regression (y = a+bx). The value of the slope (b) and the intercept (a) from the linear fit
were used to provide the concentration of the unknown MB solutions as shown in Equation 8.1.
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Samples to be tested were diluted to an absorbance value below 1 so that the data satisfied the
Beer Lambert law, which relates absorbance to concentration.
Figure 8.1: Chemical structure of methylene blue
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Figure 8.2: Methylene blue calibration curve
Concentr ati on o f unknown(x)= y −a
b
(8.1)
Here, y is the peak absorbance at 664 nm.
The diluted MB solutions of aliquots from the batch experiments were evaluated using UV-
Vis-NIR and the concentrations calculated from the calibration curve. The actual concentrations
were recalculated by multiplying by the dilution factor (625 to 50). The actual concentrations
and the expected concentrations are given in Table 8.2. The actual concentration was used for
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all data analyses. For the sake of conciseness however, the expected concentrations are used for
the legends in all subsequent figures and tables.
Table 8.2: Expected and actual concentrations of MB used in batch adsorption tests
Expected MB concentration Actual MB concentration
1000 1082
1400 1388
1800 1812
2200 2180
8.2.4 Adsorption capacity and efficiency
The adsorption capacity at any given time during the batch adsorption experiment (qt ) was
calculated using Equation 8.2
qt = (C0−Ct )V
m
(8.2)
Here, the initial concentration of the adsorbate is C0, Ct is the concentration at time t, V is the
volume of the adsorbate and m is the mass of the adsorbent.
The adsorption efficiency at each concentration of MB was calculated using Equation 8.3
Ad sor pti on e f f i ci enc y(%)= (C0−Ce
C0
)×100 (8.3)
Here C0 retains its meaning as in Equation 8.2 and Ce is the concentration of the adsorbate at
equilibrium.
8.2.5 Desorption tests
Desorption tests were carried out after adsorption tests to remove the adsorbed dyes and render
the adsorbing sites available. After 3h of adsorption in 1000 mg/L of MB solution using SA and
SA-MCNF-5 hydrogels, they were desorbed in 150 mL of 2:1 HCl-ethanol mixture overnight on
a magnetic stirrer. After desorption, the adsorbents were thoroughly washed with ultrapure
water and then used for another adsorption regime without drying. Each adsorption regime
and desorption regime constitute one cycle. The adsorption efficiency was calculated after each
cycle using Equation 8.3.
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8.2.6 Adsorption kinetics
In order to establish the controlling mechanism of adsorption, the adsorption capacity of the
hydrogels was plotted against time and the data fitted with pseudo-first-order and pseudo
second-order kinetic models (Putro et al., 2017). The pseudo-first order model is expressed as
d qt
d t
= k1(qe −qt ) (8.4)
The linear form of the equation is given as
log (qe −qt )= log qe − ( k1
2.303
)t (8.5)
In addition, the pseudo-second order equation is expressed as
d qt
d t
= k2(qe −qt )2 (8.6)
with a linearised form of
t
qt
= 1
k2q2e
+ 1
qe
k (8.7)
Here, qe (mg/g) is the amount adsorbed at equilibrium, qt (mg/g) is the amount adsorbed at
time t (min), and k1 (min−1) is the rate constant of the pseudo-first-order model, k2 (g mg−1
min−1) is the rate constant of the pseudo-second order model. For the pseudo-first order model,
the rate constant (k−1) and qe were respectively determined from the slopes and intercepts
of the plot of log (qe − qt ) versus t. The pseudo-second order rate constant (k2) and qe were
determined from the slope and the intercepts of the plot of ( tqt ) versus time t plots.
8.2.7 Adsorption isotherm
The Langmuir and the Freundlich models were used to fit the adsorption data to determine the
nature of adsorption; whether adsorption was homogeneous or heterogeneous. If the adsorption
temperature is varied, these adsorption isothermal models can be used to determine whether
or not the adsorption process occurs by a physical process or a chemical process (Putro et al.,
2017). The Langmuir model and Freundlich model are expressed in their respective linear forms
as Equations 8.8 and 8.9 respectively.
1
qe
= 1
KL qmaxCe
+ 1
qm
(8.8)
log qe = log KF + 1
n
logCe (8.9)
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Here, qe is the amount of MB adsorbed per g of adsorbent (mg/g) at equilibrium, qmax is the
maximum amount of MB that can be adsorbed per g of adsorbent (mg/g) in equilibrium, Ce is
the equilibrium concentration of MB in the bulk solution (mg/L), and KL is a constant related
to the energy of adsorption (L/mg) which shows the affinity between MB and adsorbent. KF is
related to the adsorption capacity and 1n is heterogeneity factor.
8.3 Results and Discussion
8.3.1 Adsorption capacity study
The amount of MB that adsorbs onto a favourable adsorbent would be expected to increase with
time until an equilibrium adsorption capacity was attained. Figure 8.3 and Figure 8.4 show the
respective adsorption capacities vs time of SA and of SA-MCNF-5 at various concentrations of
MB. The increase in adsorption capacity with time of the SA and SA-MCNF-5 hydrogels for the
various concentrations of MB implies that these materials favour MB adsorptions. This could be
because of the free/unbound carboxyl groups that are on the surface of the hydrogel materials.
An adsorption time of 60 min was sufficient to give an equilibrium in the adsorption capacity. As
expected, increasing the concentration of MB led to an increase in adsorption capacity for both
of the hydrogels studied. However, there was no remarkable difference between the adsorption
capacity of SA and of SA-MCNF-5.
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Figure 8.3: Adsorption capacity of SA hydrogel
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Figure 8.4: Adsorption capacity of SA-MCNF-5 hydrogel
The adsorption efficiencies of the hydrogels are approximately 97 %, as shown in Table 8.3.
This shows that the alginate hydrogels are very efficient in removing MB from aqueous solutions.
Figure 8.5 gives images of the MB solution and of the SA hydrogels before and after 3 hours of
182
CHAPTER 8. COMPOSITE HYDROGELS OF ALGINATES AND MCNF IN CATIONIC DYE ADSORPTION
adsorption. Technically, more adsorbent can be added to the MB solution to remove the small
amounts of residual dye.
Table 8.3: Adsorption efficiencies of SA and SA-MCNF-5 hydrogels
Sample
Adsorption efficiency (%)
1000 (mg/L) 1400 (mg/L) 1800 (mg/L) 2200 (mg/L)
SA 97.7 97.6 97.6 97.3
SA-MCNF-5 97.6 97.6 97.5 97.1
Figure 8.5: Images of the MB solution and of the SA hydrogels, before and after adsorption
8.3.2 Adsorption kinetics
The pseudo-first-order model is well suited for adsorption processes occurring by physical
interfacial interactions. The pseudo-second-order model relates to an adsorption process that
occurs by chemical interfacial interactions (Putro et al., 2017; Voisin et al., 2017; Mohammed
et al., 2015).
The data from the batch adsorption tests were fitted to the pseudo-first order model accord-
ing to Equation 8.5. The overlay of the plots for the different MB concentrations is shown in
Figure 8.6 and Figure 8.7, for SA and SA-MCNF-5 hydrogels respectively. The qe and k1 values
were calculated from the intercept and slope, according to Equation 8.5 and summarised in
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Table 8.4. It can be seen that the calculated adsorption capacities of the adsorbent, at various
concentrations of MB, were two to three times lower than the experimental values. In addition,
the low average value of the linear regression coefficient (R2 = 0.7) is an indication that the
pseudo-first-order model did not suit the adsorption data. There was no identifiable trend in
the rate constants with increase in MB concentration nor between the two hydrogels studied.
Therefore, the adsorption of MB on the SA and on SA-MCNF-5 adsorbents did not occur by a
physical adsorption process.
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Figure 8.6: Pseudo-first order plot of SA for various concentrations of MB
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Figure 8.7: Pseudo-first-order of SA-MCNF-5 for various concentrations of MB
Table 8.4: Adsorption kinetic data estimated from pseudo-first-order kinetic model for the
SA and the SA-MCNF-5 adsorbents
MB
Concentration
(mg/L)
SA SA-MCNF-5
qe cal.
(mg/g)
qe
exp.
(mg/g)
k1
(min−1) R
2 qe cal.
(mg/g)
qe
exp.
(mg/g)
k1
(min−1)
R2
1000 67.3 250.4 0.0608 0.709 76.9 250.2 0.0493 0.713
1400 116.4 320.8 0.052 0.765 94.8 320.8 0.0689 0.464
1800 164.1 418.6 0.0584 0.761 143.5 418.5 0.052 0.711
2200 334 502.1 0.0564 0.937 201.4 502.4 0.0511 0.744
The adsorption data were also fitted to the pseudo-second-order kinetic model according to
Equation 8.7. Linear fits of the plots at different MB concentrations are shown in Figure 8.8 and
Figure 8.9 for SA and SA-MCNF-5 hydrogels respectively. The qe and k2 values, calculated from
the plots are tabulated in Table 8.5 alongside the qe values from the adsorption experiments
together with the linear fit coefficient. The linearity of the fit, the close-to-unity value of the
linear coefficient and the similarity of the calculated qe to the experimental qe indicate that the
pseudo-second-order model describes the adsorption kinetics of adsorption on the SA-based
hydrogels.
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Figure 8.8: Pseudo-second-order of SA for the various concentrations of MB
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Figure 8.9: Pseudo-second-order of SA-MCNF-5 for various concentrations of MB
Therefore, it can be concluded that the adsorption of MB to SA-based hydrogels occurs by
chemical interfacial interaction, where the free anionic carboxyl groups on the alginate adsorb
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the cationic MB molecules. The rate constant decreases with increase in the MB concentration,
indicating a rapid uptake of the dye molecules. The rate constant of SA-MCNF-5 is slightly
higher than that of the neat SA. This effect could be the result of the lower swelling ratio and
layered morphology of SA-MCNF-5 as identified in Sections 7.3.4 and 7.3.7.
Table 8.5: Adsorption kinetic data estimated using the pseudo-second order kinetic model
for the SA and the SA-MCNF-5 adsorbents
MB
Concentration
(mg/L)
SA SA-MCNF-5
qe cal.
(mg/g)
qe exp.
(mg/g)
k2
(g mg−1
min−1)
R2 qe cal.
(mg/g)
qe exp.
(mg/g)
k2
(g mg−1
min−1)
R2
1000 253.2 250.4 0.0033 0.999 253.2 250.2 0.0026 0.999
1400 326.8 320.8 0.0013 0.999 325.7 320.8 0.0016 0.999
1800 429.2 418.6 0.0008 0.999 427.4 418.5 0.0009 0.999
2200 531.9 502.1 0.0002 0.992 515.5 502.4 0.0006 0.998
8.3.3 Adsorption isotherms
The adsorption data were also fitted to two isothermal models, the Langmuir model and the
Freundlich model. The Langmuir model assumes that the sites of adsorption are homogeneous
and possess equal adsorption energy. Therefore, only one molecule of adsorbate can interact
with the adsorbent at a single adsorption site. The Langmuir model also provides information
concerning the maximum adsorption capacity (qmax ) across a range of adsorbate concentra-
tions (1000-2200 mg/L) and the favourability of an adsorbent (KL) towards an adsorbate. KL
< 1 indicates a favourable adsorption process. The Freundlich model describes well a hetero-
geneous adsorption process. This is given by the heterogeneity factor ( 1n ), which ranges from
0 to 1. If 1n < 1, it implies that there is a strong interaction between the adsorbent surface and
the adsorbate (Putro et al., 2017). Figure 8.10 and Figure 8.11 show the adsorption data of SA
hydrogel and of the SA-MCNF-5 hydrogel, fitted with the Langmuir and Freundlich models
respectively. The parameters from these isothermal models are summarised in Table 8.6.
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Figure 8.10: Langmuir model fitting of the SA and the SA-MCNF-5 adsorption data
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Figure 8.11: Freundlich model fitting of the SA and the SA-MCNF-5 adsorption data
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Table 8.6: Adsorption isotherm parameters for SA hydrogels and SA-MCNF-5 hydrogels
Sample
Langmuir isothermal model Freundlich isothermal model
qmax (mg/g) KL(L/mg) R2
1
n KF R
2
SA 1796 0.007 0.997 0.87 3.3 0.978
SA-MCNF-5 1957 0.006 0.988 0.86 3.35 0.946
SA-CNC
(Mo-
hammed
et al., 2015)
256 0.002 0.998 0.65 1.93 0.988
The values of KL and
1
n are less than unity for both hydrogels, indicating that the adsorption
of MB onto SA is favourable. The Langmuir fit best describes the process based on the values of
the linear fit coefficient. The maximum adsorption capacity of SA and of SA-MCNF-5 across
the concentrations studied was 1796 mg/g and 1957 mg/g respectively. The slightly greater
maximum adsorption capacity of SA-MCNF-5 compared with that of neat SA could be a result
of the compact morphology of SA-MCNF-5 or some sort of minute absorption of MB dye by
MCNF. It can be recalled that MB is used for the staining of CNF for optical microscopy, showing
that MB can possibly be absorbed or adsorbed to CNF materials.
The maximum adsorption capacities of the composite hydrogels presented in this thesis
are approximately seven times greater than that reported for SA-CNC hydrogels (Mohammed
et al., 2015), although the same 2 wt.% of alginate was used by Mohammed et al., 2015. However,
the authors did not state the amount of mannuronic acid and guluronic acid residues in their
alginate. In addition the alginate composite beads used by Mohammed et al., 2015 were prepared
by diffusion of calcium ions from a bath of CaCl2. This process has been shown to result in
heterogeneous crosslinking and might have affected the maximum adsorption capacity reported.
Also, the MB concentration range used in this study was greater than those use by Mohammed
et al., 2015.
8.3.4 Possible chemical interactions between MB and alginate/based
hydrogels
There was no visually observable dissolution of the hydrogels during the adsorption test, indicat-
ing that the guluronic acid groups did not exchange the calcium ion crosslinker with the MB ions.
However, since the adsorption data are well fitted by the Langmuir single site adsorption model,
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it is logical to assume that the MB monovalent cation binds with the mannuronic acid groups
and with any other free anionic groups. Moreover, the alginate that was used in this research
contained 61 % mannuronic acid residue while MCNF has no surface groups. Therefore, it can
be assumed that SA is solely responsible for the adsorption process, recalling that the adsorption
process proceeds by chemisorption. The diagram in Figure 8.12 is provided to show the possible
adsorption interaction between the actives of MB and SA-based hydrogels.
= MB= Ca2+ = water
Figure 8.12: Possible adsorption interactions for SA hydrogel and MB. G = guluronic acid
and M = mannuronic acid
8.3.5 Reusability of the alginate-based adsorbent
One of the key qualities of an advanced, viable adsorbent material would be an ability to
regenerate the adsorbing sites at the end of the adsorption cycle (Putro et al., 2017). Particularly
when applied in wastewater treatments, an adsorbent material has to demonstrate potential
to be reused after the initial adsorption process. This reduces operational cost (Voisin et al.,
2017). The reusability of the SA hydrogels and the SA-MCNF-5 hydrogel adsorbent materials
were investigated through adsorption-desorption cycles using the 1000 mg/L MB solution. The
adsorption efficiencies of the adsorbent materials are shown in Figure 8.13. There was no
difference between the adsorption efficiencies of SA and of SA-MCNF-5. Both hydrogels showed
only a 2 % decrease in adsorption efficiency after 4 cycles of adsorption. This result suggests
that alginate-based hydrogels can effectively function as adsorbent materials for MB with great
reusability potential.
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Figure 8.13: Effect of adsorption-desorption cycles the adsorption efficiency of SA and of
SA-MCNF-5 hydrogels
8.4 Summary
The use of SA and of SA-MCNF-5 hydrogels for MB adsorption from aqueous solution was
investigated using batch adsorption experiments. The adsorption data were fitted to kinetic
and isothermal models to establish the mechanism and nature of adsorption. The adsorption
kinetics follow the pseudo-second-order model which describes a chemical adsorption process.
In addition, the adsorption data were well fitted to the Langmuir model which explains that
the adsorption process occurs at single adsorbent sites. These results imply that the anionic
carboxylic acid groups on the SA-based hydrogels were responsible for the adsorption of MB.
Moreover, the maximum adsorption capacity of the hydrogels that were studied was seven times
greater than that reported in the literature for SA-CNC hydrogels. This improvement could be
a result of an initial homogeneous crosslinking process and the provision of several anionic
groups, available for the adsorption of MB.
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Conclusions and Recommendations for
Future Work
9.1 Conclusions
This research study involved the extensive characterisation of the properties of cellulose nanofib-
rils (CNF) produced via morpholine swelling process and its composite hydrogel with sodium
alginate. The possible application of the composite hydrogel in waste dye recovery was also
explored.
It was clearly identified in the literature review that the type of cellulose pre-treatment used
before mechanical processing can modify the cellulose surface. These modifications affect
the surface properties, crystallinity, thermal stability, rheological properties and dimensions
of the resulting CNF materials. Previous work on the swelling of cellulose in morpholine has
shown that morpholine does not derivatise/modify the surface of cellulose (Betrabet et al.,
1966; Betrabet and Rollins, 1970; Lokhande et al., 1983; Paul and Teli, 2011). An initial swelling
experiment was carried out to study the swelling of cellulose in morpholine and piperidine.
Following the superior swelling results in morpholine, it was selected as the chemical agent for
the pre-treatment of cellulose for CNF production.
The morpholine-swollen cellulose, carboxymethylated cellulose and the TEMPO-mediated
oxidised cellulose were all subjected to the same degree of mechanical fibrillation, such that
any changes in properties would be a result of the type of pre-treatment used. The resulting
morpholine pre-treated CNF (MCNF), carboxymethylated CNF (CMCNF) and TEMPO-mediated
oxidised CNF (TCNF) were characterised for total acidic groups, functional groups, crystallinity
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index, thermal properties, morphological analysis, aspect ratio estimation and viscoelastic
properties.
Following the characterisation of the CNF materials, neat alginate matrices were developed.
The method to produce the alginate hydrogels involved the use of calcium chloride enriched
agar wells. The effects of temperature and duration of crosslinking on the homogeneity of the
alginate hydrogels were studied. In addition, effects of calcium chloride concentration and SA
concentration on the swelling and compressive modulus of SA hydrogels were investigated.
Following the results from the alginate matrix development, 4 °C and 24h were chosen as the
conditions to crosslink 2 wt. % in 0.5 M CaCl2. The resulting material served as the neat control
material to which the CNF materials were incorporated. MCNF and CMCNF were incorporated
into the SA matrix, as these two CNF materials represent the unmodified and modified CNF
respectively. The effects of the CNF material on the shear viscosity, functional groups, thermal
properties, mechanical properties and morphological properties were then investigated.
To explore the potential application of the composite hydrogel in waste dye recovery, batch
adsorption tests were carried out. For this purpose, only the neat SA hydrogel and the SA-MCNF
hydrogel with 5 wt. % SA were used. These are the hydrogels that required fewer chemicals for
preparation. It is believed that materials used in environmental remediation process should
be prepared in the greenest way possible. The data from the test were fitted to kinetic and
isothermal models to study the nature of adsorption mechanism and the maximum adsorption
capacity. The hydrogels were subjected to four cycles of adsorption-desorption regime to study
the reusability of the hydrogels.
Similar to the other pre-treatment methods, the morpholine-swollen cellulose was easily
fibrillated under mechanical shear. The morpholine chemical agent can be potentially recovered
and reused for another swelling regime. The surface properties, crystallinity and thermal
behaviour were found to be similar to those of the cellulose starting material. This indicates that
MCNF has negligible surface groups; the crystallinity index and thermal properties were also
not compromised. This is unlike the CMCNF and TCNF, whose surface properties, crystalline
and thermal behaviours were compromised by the pre-treatment processes. The morphology of
MCNF is broadly similar to those of CMCNF and TCNF. However, MCNF presented lower storage
modulus because of the absence of ionic repulsive groups on the surface. The hydroxyl groups
on MCNF still offers sites for further surface modification or grafting of desired functionalities,
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if needed for specific applications.
Studies on the effect of temperature and duration of crosslinking on the homogeneity of the
alginate hydrogels revealed that temperature plays a major role in the control of the gelation
process. Low temperature (4 °C) results in slower rate of diffusion of the calcium ion crosslinker,
which leads to a homogeneously crosslinked hydrogel. The effect of different crosslinking
duration on the homogeneity of the hydrogels at 4 °C was insignificant. In addition, it was
revealed that 0.5 M concentration of calcium chloride was enough for the crosslinking of the
guluronic acid groups present in 2 wt. % and 3 wt. % sodium alginates.
The addition of MCNF and CMCNF materials led to the increase in shear viscosity of alginate-
based dispersions. This increase in viscosity was anticipated, hence the choice of 2 wt. % SA
as the control sample rather than 3 wt. % SA, which might have resulted in highly viscous and
difficult-to-process dispersions. H-bonding was significant between the hydroxyl groups of
alginates and both CNF materials. There was an additional interaction between the carboxy-
methyl groups of CMCNF (at 20 wt. %) and the carboxyl groups of alginates, although this may
not have contributed to the ionic crosslinking process. This interaction was not identified for
alginate-MCNF composite hydrogels because of the lack of ionic surface groups. The incorpora-
tion of both CNF materials led to the appearance of a second degradation temperature, thereby
extending the degradation temperature range of alginate hydrogels.
As already been stated, the swelling of hydrogel materials is directly related to the mechanical
properties. The addition of MCNF at all loadings studied led to an overall reduction in the
equilibrium swelling of the never-dried hydrogels and an increase in the storage modulus.
Increase in storage modulus was also observed with the addition of CMCNF. However, the
equilibrium swelling of the SA-CMCNF composite hydrogels were slightly increased. This was
attributed to the presence of the carboxymethyl groups on CMCNF. Increase in compressive
modulus was only seen for both CNFs at 5 wt. %. Further increases however led to a reduced
compressive modulus. It was deduced that at higher loadings of CNF materials, aggregation of
fibrils begins to occur, leading to the formation of kinks and networks which are not elastically
effective. With regards to morphology, the addition of MCNF at 5 wt. % resulted to a more
layered structure compared to the porous structure of the neat alginate hydrogel and the alginate
hydrogel with added CMCNF. These results agree with the effects of the CNF materials on the
swelling properties and mechanical properties of the SA hydrogels.
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Batch adsorption of methylene blue (MB) dye showed that up to 98 % of the dye can be
adsorbed by the neat SA hydrogel and the SA-MCNF composite hydrogel in 3h. The pseudo-
second-order kinetic model fitted well with the adsorption data, indicating that the adsorption
process occurs by chemical interactions. Therefore, the residual anionic groups on the alginate
hydrogels which are not bound by the calcium ion crosslinker, bind to the cations on the MB
molecule and remove them from water. A maximum of 1796 mg and 1957 mg of MB can be
removed per gram of the alginate-based hydrogels according to the Langmuir isothermal model.
The hydrogels lost only 2% of their adsorption efficiency after 4 cycles of adsorption-desorption,
indicating very high potential for the recovery MB from aqueous solution.
This study implies that the presence or absence of ionic functional groups on the surface of
nanocellulose greatly controls its behaviour in aqueous suspensions and in composite formula-
tions.
9.2 Recommendations for future work
The swelling of cellulose in the heterocyclic amines was monitored by observing the change
in height of the cellulose in a glass vial. While this method serves as an easy way of visually
identifying the swelling of cellulose in these solvents, it does not provide the effects of the
swelling agent on the crystalline structure of the cellulose. Previous studies on the crystallinity
of cellulose after swelling in morpholine suggest no significant changes. However, further studies
on the changes in the crystal lattice of cellulose at varying concentrations of morpholine, using
techniques such as small angle x-ray scattering (SAXS), could help understand the mechanism
of cellulose swelling in morpholine.
The compression testing of the alginate hydrogels with 10-20 wt. % CNF materials indicate
possible aggregation of fibrils that resulted to the low compressive modulus. Further studies on
the extent of dispersion of the CNFs in the alginate matrix can be carried out using confocal
Raman spectroscopy.
The proof of concept study on the adsorption of MB dyes using the alginate-based hydrogels
indicates that these hydrogel materials show potential to be used as environmental remediation
material. Therefore, further studies are required using the actual dye effluent. Environmentally
sustainable method of surface modification with ionic groups can be sought for MCNF to further
improve the adsorption efficiency and widen the scope of application. In addition, the amount
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of the adsorbent hydrogel, the temperature and pH of adsorption need to be optimised for an
effective remediation process.
The method for toxicity assessment presented by Foster et al., 2018, which highlighted the
pathway to assessing the health and safety of nanocellulose under manufacturing conditions,
during use, post-use, and the effects on cells/genes can be adopted to study the toxicity of MCNF.
This will establish the suitability of the material for other applications such as in biomedicine.
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A.1 Mole fractions and equivalent wt. %
Table A.1: Mole fraction of morpholine and equivalent wt. %
Mole fraction Equivalent wt. % morpholine
0 0
0.1 35
0.2 55
0.3 70
0.4 75
0.5 83
0.6 88
0.7 91
0.8 95
0.9 98
1 100
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Table A.2: Mole fraction of piperidine and equivalent wt. %
Mole fraction Equivalent wt. % piperidine
0 0
0.1 34
0.2 54
0.3 68
0.4 75
0.5 83
0.6 88
0.7 92
0.8 95
0.9 98
1 100
A.2 Surface charge screening in NaCl solutions
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Figure A.1: Effect of varying salt concentrations on all pre-treated CNFs at 0.07 w/v %
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A.3 Specific gravity, viscosity and freezing point proper-
ties of morpholine
Figure A.2: Specific gravity and viscosity of morpholine at various mole fractions (data ob-
tained from digitised image from Huntsman, 2005
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Figure A.3: Freezing point of morpholine at various mole fractions (data obtained from di-
gitised image from Huntsman, 2005
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A.4 Amplitude sweeps of all CNF materials
Figure A.4: Amplitude sweeps of MCNF at various number of passes
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Figure A.5: Amplitude sweeps of CMCNF at various number of passes
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Figure A.6: Amplitude sweeps of TCNF at various number of passes
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A.5 Lower magnification SEM images
Figure A.7: Lower magnification micrograph of MCNF after 5 passes
Figure A.8: Lower magnification micrograph of CMCNF after 5 passes
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Figure A.9: Lower magnification micrograph of TCNF after 5 passes
Figure A.10: Viscosity properties of CaCl2. Adopted from (OxyChem, 2014)
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